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 Chapter 1 
Chemo- and Regioselective Oxidation of 
Secondary Alcohols in Vicinal Diols 
Oxidation of secondary hydroxyl groups in vicinal diols enables the 
straightforward functionalization of biomolecules and biomaterials. The 
resulting hydroxy ketone can, for example, be used to form derivatives, 
such as the epimeric alcohols and imines, and it may be employed for 
chemical probe synthesis. Regioselectivity becomes an essential factor 
when this strategy is applied to compounds containing multiple hydroxyl 
groups, such as carbohydrates. Large advances have been made in this 
field in the past decade, which has led to the development of novel 
methodologies that enable selective oxidation of secondary hydroxyl 
groups of 1,2-diols in complex molecules. We here discuss these recent 
advances as well as some of the limitations. Future research should focus 
on addressing these issues, which will eventually lead to methods for the 
chemo- and regioselective oxidation of complex oligosaccharides. 
This chapter is adapted from the original publication: 






Oxidation of alcohols is one the most well studied reactions in organic 
chemistry and even up to this day, new and improved methods are being 
reported, highlighting the need and desire for faster, more efficient, and 
especially more selective methods. The chemo- and/or regioselective oxidation of 
complex molecules that have multiple oxidation sensitive groups is still not an 
easy feat and, in particular, 1,2-diols prove to be challenging substrates. Side 
reactions, like C–C bond fission, tautomerization of the resulting α-hydroxy 
ketone (or carbonyl transposition), and overoxidation, are commonly observed 
for these substrates.  
Vicinal diols are commonly found in natural products, with 
carbohydrates being the prime example, and oxidation of these diols into α-
hydroxy ketones forms an attractive means to functionalize and modify these 
natural products. To achieve this, the field has largely relied on protecting group 
strategies. All hydroxyl groups in the substrate, except for the hydroxyl group of 
interest are protected, and the unprotected hydroxyl group is subsequently 
oxidized using conventional methods. As an example, the synthesis of methyl β-
D-virenoside 4 is shown in Scheme 1.1 Starting from galactose 1 it takes 3 steps to 
selectively protect the alcohol groups and leave the C3-OH deprotected (2). 
Swern-type of oxidation results in ketone (3). Another 6 steps, both functional 
group transformations and deprotections, results eventually in the desired 
product 4. Regioselective approaches overcome the need for laborious protecting 
group manipulations. These may, therefore, be applied in the late stage 
functionalization of vicinal diol containing natural products, in a similar fashion 
to C–H activation, which has been used to block metabolism, to generate 
metabolites, to synthesize probe molecules, and for structure-activity 
relationship studies.2  
 
Scheme 1. Total synthesis of methyl β-D-virenoside 4. 
Key to the successful application of oxidation chemistry in complex 
biomolecules is the ability to use the inherent differences in reactivity of the 
various hydroxyl groups. Selective oxidation of the more accessible primary 
alcohol of a (vicinal) diol is readily achieved with a number of sterically hindered 
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oxidizing agents, such as TEMPO, and these methods have shown to be highly 
selective.3,4 Furthermore, Ru(PPh3)(OH)salen complexes have been described for 
the aerobic oxidation of primary alcohols under ambient conditions.5 Obtaining 
selectivity for secondary alcohols in vicinal diols is less straightforward, even 
though secondary alcohols have a lower oxidation potential. As highlighted by 
Arterburn, the Corey–Kim oxidation,6 Swern-type oxidations,7 
dimethyldioxirane,8 and several transition-metal catalysts in combination with 
an oxidant are effective methods for the chemoselective oxidation of the 
secondary alcohol, although the selectivity varies.9 For more complex substrates 
that contain multiple secondary alcohol groups, the selectivity is often 
significantly lower. Chelation control has been used to improve the chemo- and 
regioselectivity for 1,2-diols over the remaining hydroxyl groups.10  
Pushed by the need for more sustainable oxidation methods, the focus of 
the field shifted to the development of catalytic oxidation reactions that 
preferably employ dioxygen or hydrogen peroxide as the (co)oxidant and water 
as a solvent.  
In this chapter, an overview will be given of the recent advances made in 
the field, with a particular emphasis on the chemoselective oxidation of non-
activated secondary hydroxyl groups in vicinal diols. Benzylic vicinal diols 
readily oxidize with high selectivity and will therefore not be discussed. Both 
modified procedures of well-known oxidation methods and novel oxidation 
methods will be discussed. Special attention will be given to oxidation methods 
that are based on chelation control. These methods often show increased 
selectivity and enhanced rates for the oxidation of vicinal diols and are, therefore, 
often more selective in the oxidation of substrates bearing multiple hydroxyl 
groups. These methods are inherently suitable for the application in more 
complex molecules, such as in carbohydrate chemistry, and the synthesis of 
renewables from feedstocks. 
 
1.2 General methods to oxidize simple vicinal diols 
The methods that have an inherent preference for secondary alcohols 
have been successfully applied on simple vicinal diols, as shown in the review of 
Arterburn.9 However, these methods have their limitations, such as harsh 
conditions, the use of toxic reagents, and small substrate scope. In the past 
decade, several modified procedures that address these issues have been 
developed. A limitation of most DMSO-based oxidation methods is that these 
require strictly anhydrous conditions and consequently, the use of these methods 
is limited to compounds that are soluble in aprotic solvents. To oxidize 1,2-diols 
in aqueous solutions with DMSO, the Konwar group developed a modified 





to activate DMSO.11 Hydroxyacetone and dihydroxyacetone can be synthesized 
from propane-1,2-diol and glycerol, respectively, in moderate yields using this 
procedure.  
Also, chromium-based reagents have shown to be suitable oxidants for 
the oxidation of the secondary alcohol in simple 1,2-diols. Grinding (±)-3-
chloropropane-1,2-diol with one equivalent of pyridinium fluorochromate at 
room temperature in the absence of solvent results in the selective oxidation of 
the secondary alcohol and 1-chloro-3-hydroxypropanone can be isolated in 87% 
yield.12 However, stoichiometric amounts of the highly toxic chromium-based 
oxidant are needed to achieve full oxidation. To lower the amount of chromium 
reagent required, a method that employs catalytic amounts of 3,5-
dimethylpyrazolium fluorochromate (DmpzHFC 5) in combination with 
hydrogen peroxide as the co-oxidant has been developed by Chaudhuri and co-
workers (Figure 1).13,14 
 
Figure 1. Structure of catalyst 5. 
Oxidation of (±)-3-chloropropane-1,2-diol using this modified procedure gave 
the resulting α-hydroxy ketone in a comparable yield to the stoichiometric 
procedure and again, exclusive oxidation of the secondary position was 
observed. In order to completely abandon chromium oxidants, Garonne and 
Martín studied the use of iron(III) reagents. Hydrogen peroxide in the presence 
of a catalytic amount of FeBr3 oxidized octane-1,2-diol, both in acetonitrile and 
under solvent-free conditions, to the keto product with complete selectivity.15 
Since this method only was tested on octane-1,2-diol, Bauer and Lenze aimed to 
develop a broadly applicable approach for the iron-catalysed chemoselective 
oxidation. They screened several iron(II) complexes that can oxidize alcohols 
using H2O2 as an oxidant for their activity and their selectivity for secondary 
alcohols over primary alcohols.16 Bis(picolyl)amine–iron(II) catalyst 6 showed 
excellent activity at room temperature (Figure 2). Using hydrogen peroxide 
(2.6 equiv) as the internal oxidant, a range of diols including several vicinal diols 
could be oxidized in good yields (75–84%) within 15 minutes. However, longer 
reaction times led to oxidation of the primary hydroxyl group as well.  
Farnetti and Crotti applied iron catalyst 6 in the oxidation of glycerol.17 
Initial experiments led to 46% overall conversion and approximately a one-to-
one mixture of dihydroxyacetone and formic acid was obtained. Lowering the  




Figure 2. Bis(picolyl)amine Fe(II)OTf2 6. 
reaction temperature and using an excess of a 10% solution of hydrogen peroxide 
resulted in full selectivity for dihydroxyacetone, albeit at the expense of the 
conversion (~20%). 
Besides iron and chromium reagents, also polyoxometalates have been 
used as catalysts for the chemoselective oxidation of vicinal diols with hydrogen 
peroxide. Wang and co-workers demonstrated that 
Na4H3[SiW9Al3(H2O)3O37]·12H2O is an excellent, recyclable catalyst.18 Full 
conversion is reached within 10 hours by performing the reaction neat with 
hydrogen peroxide as the co-oxidant. Upon complete conversion, the reaction 
mixture is extracted with an organic solvent and the aqueous layer can be reused 
for a successive oxidation reaction. 
Finally, ruthenium-based methods have been developed to oxidize 
vicinal diols. Plietker utilized in situ generated RuO4 for the synthesis of 
enantiopure α-hydroxy ketones starting from alkenes.19 Asymmetric Sharpless 
dihydroxylation of alkenes (see Scheme 2, structure 7 or 8) followed by 
regioselective catalytic monooxidation of the isolated vicinal diol (9 or 10) using 
1 mol% RuCl3 in combination with an internal oxidant gives the desired α-
hydroxy ketones (11 or 12) in high isolated yields (~90%) and high e.e. within 1 
hour (Scheme 2). The nature of the oxidant has a large effect on the outcome of 
the reaction. NaIO4 and NaBrO3 gave a large amount of C–C bond fission, while 
Oxone gave the desired α-hydroxy ketone as the major product. 
 
 





More recently, the catalytic dehydrogenation of 1,2- and 1,3-diols with 
Casey/Shvo catalyst 13 was studied, with the aim to convert lignocellulose into 
useful fine chemicals (Figure 3).20 When Ford and Weber performed the reaction 
in a closed vessel, low conversions were obtained (~0.25%). However, refluxing 
the reaction mixture in diglyme under air resulted in a significant increase (~40% 
conversion) and they therefore hypothesized that the elevated temperatures 
facilitate the elimination of H2 from the catalyst. By employing cyclohexanone, as 
a hydrogen acceptor, the conversion towards the α-hydroxy ketone increased 
further to 64% within 10 minutes. Again, simple vicinal diols (propane-1,2-diol 
and butane-1,2-diol) were tested and these showed isolated yields of ~70%. 
 
 
Figure 3. Structure of Cases/Shvo catalyst 13. 
Other reagent combinations and catalysts have been reported to 
selectively oxidize secondary alcohols in the presence of primary alcohols. 
Examples include the polymeric phosphotungstate catalyst reported by Uozumi 
and co-workers,21 2-iodoxybenzoic acid (IBX) oxidations in the presence of a 
catalytic amount cyclodextrin,22 IBX oxidations under phase-transfer 
conditions,23 oxidations using a combination of TEMPO/TBAB/H5IO6 on wet 
alumina,24 and finally oxidations with bromide salts in the presence of 
peroxides,25–27 but most of these methods have not been employed for the 
oxidation of aliphatic vicinal diols. 
While most of the methods that have a preference for secondary diols can 
be applied on simple substrates that contain 1,2-diols, the oxidation of substrates 
that contain more hydroxyl groups either has not been studied or the methods 
are not suitable for these substrates. 
 
1.3 Chelation-controlled oxidation 
1.3.1 Tin, boronic acid and bromonium catalysed oxidations 
Reagents that chelate to or coordinate with vicinal diols have been used 
to enhance the selectivity for the secondary hydroxyl unit of a vicinal diol over 
other hydroxyl groups in the molecule of interest. Already in the 1970s, David 
and Thieffry showed that stannyl ethers and stannylene acetals 14 (see Table 1 
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for the chelation mode), formed by refluxing di- and triorganotin compounds 
with 1,2-diols can be oxidized to α-hydroxy ketones with halonium oxidants.10  
Table 1. Overview tin catalysed oxidation methods. 
 
Entry Conditions Yield 
1 
Me2SnCl2 (0.1 equiv),3.0 Fmol-1, Et4NBr (1.0 equiv), 
MeOH 0 °C, 30 min. 
76% 
2 
Me2SnCl2 (0.1 equiv), Br2 (2.0 equiv), K2CO3 (3.0 
equiv), MeOH, 0 °C, 30 min. 
86% 
3 
Me2SnCl2 (0.1 equiv), K2CO3 (1.2 equiv), DBIa (1.0 
equiv), H2O 0 °C, 1 h 
82% 
4 Me2SnCl2 (0.1 equiv), NISb (2.0 equiv), CH2Cl2, 0 °C, 3 h 26%c 
a) DBI: dibromoisocyanuric acid b) NIS: N-iodosuccinimide c) Low yields are obtained when 
oxidizing dodecanediol (5) with NIS, but yields for the oxidation of heane-1,2,6-triol with NIS 
or bromine are comparable. 
 
In cyclic substrates, stannylenes also have shown to improve the regio- 
and stereoselectivity. The axial hydroxyl group of cis-diols in cyclic substrates is 
more accessible for the oxidant and is therefore preferentially oxidized over the 
equatorial hydroxyl group (Figure 4).  This stereoselectivity has been exploited 
for the regioselective oxidation of monosaccharides.28,29Arabinosides, 
galactosides, and mannosides have been successfully converted into the 
corresponding C2 and C4 ketoglycosides using stoichiometric amounts of 
bis(tributyltin) oxide and bromine.28 To lower the amount of toxic 
organostannanes being used, Onomura and co-workers developed an 
electrochemical oxidation method.30 A catalytic amount of dibutyltin oxide (10 
mol%) gave good conversion, but the stannylene acetal still had to be generated 
in situ prior to oxidation, due to the poor solubility of dibutyltin oxide. In the 
past decade, a variety of trialkyl- and dialkyltin compounds have been screened 
for their ability to mediate the oxidation of vicinal diols without preheating the 
reaction mixture.31 All of the organotin derivatives studied by Onomura and 
 
Figure 4. Selective oxidation of vicinal diols in cyclic substrates. Arrow indicates the alcohol 





co-workers oxidized cyclic diols in reasonable to good yields in methanol, but 
only a subset was suitable for the oxidation of acyclic diols. Of these, dimethyltin 
dichloride proved to have the best catalytic activity, most likely due to its 
increased solubility in methanol compared to dibutyltin oxide and its higher 
reactivity for tin acetal formation.  With this catalyst, dodecane-1,2-diol (15) is 
efficiently converted into the corresponding hydroxymethyl ketone 16 using 
electrochemically generated ‘Br+’ (Table 1, entry 1) or reagents like bromine and 
dibromoisocyanuric acid (DBI), as oxidants (Table 1, entries 2 and 3). Oxidation 
of diol 15 with NIS gave ketone 16 in low yields (Table 1, entry 4), but this oxidant 
has successfully been applied to hexane-1,2,6-triol. 
Muramatsu recently demonstrated that catalytic tin-mediated oxidation 
is also applicable to a range of glycosides.33 Dioctyltin dichloride rather than 
dimethyltin dichloride gives the best yields for glycosides. 
Trimethyl(phenyl)ammonium tribromide ([TMPhA]+ Br3 –) in THF/MeOH in the 
presence of 2 mol% of organotin and K2CO3 converts glycosides containing an 
axial hydroxyl at C4, such as galactoside 19, into the corresponding 4-keto 
products with excellent selectivity (Figure 5). Protecting C3–OH in galactosides 
with a benzyl group completely blocked oxidation,33 which underlines the 
importance of the presence of a 1,2-diol system and thus chelation.31 Oxidation 
of glucosides 20 and mannosides 21 using the same conditions gave the expected 
keto products (Figure 5), albeit in lower yields than the stoichiometric procedure 
described by Tsuda and co-workers.28 However, a mixture of oxidation products 
is obtained when the glycoside bears two axial hydroxyl groups, as in arabinose. 
In the search for more environmentally benign alternatives to organotin 
compounds, Onomura and co-workers explored the feasibility of using boronic 
acids to activate 1,2-diols in water.34 They hypothesized that boronate esters (see 
Scheme 3, structure 22 for the chelation mode) that can be formed in situ by 
reacting 1,2-diols with boronic acids, would react in a similar fashion with 
halonium reagents as the corresponding stannylene acetals. Both cyclic and 
acyclic 1,2-diols could indeed be oxidized with either DBI or electrochemically 
generated ‘Br+’ using 4-methoxyphenylboronic acid (only tested on  
 
 
Figure 5. Selectivity in tin catalysed oxidation of glycosides. Arrow indicates the alcohol 
which is preferentially oxidized Conditions: Oc2SnCl2 (2.0 mol%), [TMPhA]+Br3− (1.5 equiv), 
K2CO3 (1.5 equiv) in THF/MeOH (4/1), r.t. 4 h. 





Scheme 3. Boronic acid catalysed oxidation of vicinal diols. 
cyclooctane- 1,2-diol), methylboronic acid, or 3-methylbut-2-en-2-ylboronic acid 
as the catalyst (Scheme 3).  
Scale up of this procedure is hampered by the low solubility of DBI in water 
and its high cost. Inspired by the work of Ishii et al. who showed that 
hypobromous acid can be generated in situ using sodium bromate and sodium 
bisulfite,35 Onomura and co-workers applied a similar reagent combination in the 
boronic acid mediated oxidation of 1,2-diols.36 Potassium bromate and potassium 
hydrogensulfate were used rather than the reagents reported by Ishii to minimize 
the effect of the addition order and the pH on hypobromous acid formation. 
Remarkably, the secondary alcohol of vicinal diols was not only oxidized in the 
presence of the methylboronic acid catalyst, but also in its absence (Scheme 4). It 
was therefore postulated that the formed bromonium species transiently 
interacts with the diol (see Scheme 4, structure 23 for the chelation mode), thereby 
activating the diol and facilitating oxidation of the secondary alcohol. 
 
 
Scheme 4. Bromonium catalysed oxidation of vicinal diols. 
1.3.2 Transition metal catalysed 
Many transition-metal-catalyst systems have been reported to oxidize 
primary and secondary mono-alcohols, pronounced examples being the 
Pd(OAc)2/pyridine system of Uemura,37 the Pd(OAc)2 neocuproine system of 
Sheldon,38 and the Pd–NHC system of Sigman.39 The ligands used in these 
systems play an essential role in the oxidation reaction. They stabilize the catalyst 
to prevent palladium black formation, lower the energy barrier for β-hydride 





exchange.40 Based on this, novel systems have been developed that have 
improved catalytic activity and that enable chelation-controlled regioselective 
oxidation of 1,2-diols. The Lee group explored the use of NHC ligands to both 
stabilize and activate the palladium for oxidation chemistry.41 The neutral Pd–
NHC (η3-allyl) complexes showed excellent selectivity for the secondary 
hydroxyl of 1,2-diols, with complex 26 being the most efficient catalyst 
(Scheme 5). Although the reaction is performed at 80 °C with 20 bar of air, only 
minimal amounts of palladium black are formed and 74% conversion of propane-
1,2-diol (24) into hydroxyacetone (25) was achieved in 5 hours using only 1 mol% 
of catalyst (Scheme 5).  
 
Scheme 5. Vicinal secondary alcohol oxidation with palladium catalyst. 
1,3-Diols are also oxidized by 26, albeit far less efficiently,41 and it has therefore 
been recently proposed that the catalyst may form the corresponding chelate 27 
(Figure 6). For similar catalysts, chelation is initiated by proton-coupled ligand  
 
 
Figure 6. Chelation mode of catalyst 26. 
exchange of the η3-allyl ligand by one of the hydroxyl functionalities, thereby 
forming a palladium alkoxide. The remaining hydroxyl of the vicinal diol 
coordinates to palladium and expels propene, which is favourable for 1,2-diols 
and may thus explain the regioselectivity.42  
The Waymouth group pioneered the use of cationic palladium 
complexes that have an open coordination site and a basic acetate ligand for the 
oxidation of alcohols.43 They showed that the catalyst reacts with alcohols to form 
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aldehydes and ketones under mild conditions using air as the co-oxidant 
(Scheme 6). When the same catalyst was applied to vicinal diols, a dramatic 
increase in reaction rate and selectivity was observed.44 Glycerol (29) was 
converted into dihydroxyacetone (30) in 92% yield and >95% selectivity within 
15 minutes using 2.5 mol% of catalyst and benzoquinone as the internal oxidant 
(Scheme 6). Primary and secondary alcohols and 1,3-diols react only slowly 
under these conditions. 
 
 
Scheme 6. Vicinal secondary alcohol oxidation with dimeric palladium catalyst 28. 
 
Other cationic palladium complexes, such as PyOX ligand 31 (Figure 7), 
which was designed for enantioselective oxidation, give similar regioselectivities 
and yields for propane-1,2-diol (24) and glycerol (29).46 In the enantioselective 
oxidation reactions, however, only moderate ee’s were obtained. Even though 
harsher conditions are required, also bis-cationic palladium–pyridyl complex 32 
(Figure 7) selectively oxidizes the secondary alcohol of propane-1,2-diol (24).42  
 
 
Figure 7. Structure of palladium catalyst 31 and 32 respectively. 
Interestingly, the Waymouth group revealed that 28 can also be used to 
discriminate between two secondary alcohols. Palladium catalyst 28 oxidized 
cyclohexanediols 17 and 18 with the same selectivity as organotin catalysts; that 
is, the axial alcohol of a cyclic cis-diol is preferentially oxidized over the 







Figure 8. Selective oxidation of vicinal diols with palladium in cyclic substrates. Arrow 
indicates the alcohol which is preferentially oxidized. 
At the same time, we demonstrated that palladium catalyst 28 enables 
selective oxidation of one of the three contiguous secondary alcohol groups in 
glycosides. Reacting methyl glucoside 33 (both the α- and the β-epimer) with 28 
in CH3CN/H2O gave a single product, which turned out to be the 3-keto glucoside 
(Figure 9).47 Changing the solvent system to DMSO/dioxane or DMSO led to a 
significant rate enhancement, as was also reported for glycerol, but it did not 
affect the selectivity. All of the studied glucose-configured saccharides react at 
the C3 position, independent of the substituent at the anomeric position. 
Thioglucosides and C-glucosides both are reported to give the C3 keto 
product.47,48 The Waymouth group recently extended the scope of the reaction 
and demonstrated that xylosides 34, fucosides 35, rhamnosides 36, 
arabinosides 37, 6-deoxyglucosides, and also conformationally locked 1,6-
anhydropyranose such as 1,6-anhydro-galactoside 38 give selective oxidation at 
the C3 position (Figure 9).49 In this work, the authors also proposed a mechanism 
for the oxidation reaction. Although it shows how the catalyst is oxidizing the 
carbohydrates, it does not explain why the C3 position is selectively  
 
Figure 9. The selectivity of carbohydrates by palladium catalyst 28. The hydroxyl group that 
is oxidized is indicated by an arrow. 
oxidized (see Figure 10). According to the mechanism, upon dissolving catalyst 
28 it dissociates to its monomeric form 39. Ligand exchange with a vicinal diol, 
in this case methyl α-D-glucoside 33, gives rise to hydroxy-alkoxy species 40. 
Coordination to the C3-H and subsequent β-hydride elimination (41), which is 
stated as the rate-determining step, gives the ketone complex 42. Release of the 
product (43) gives the palladium hydride species 44, which upon deprotonation 
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yields Pd(0). Pd(0) is then re-oxidized by benzoquinone (45) via formation of 
hydroquinone (46) to yield the active Pd(II) complex 39 back. 
In contrast to cyclohexanediols 17 and 18, the equatorial C3–OH is 
predominantly oxidized in glycosides, even for those that bear an axial 
substituent at C2 or at C4. Clearly, stereoelectronic effects in the substrate 
dominate the regioselectivity. 
A major practical hurdle in the oxidation of glycosides is the tedious 
purification of the keto products, which is hampered by their polarity, the solvent 
used in the oxidation reaction and the use of benzoquinone. The latter issue can  
be addressed by using dioxygen as co-oxidant. However, competing oxidation of 
the methyl groups in the neocuproine ligand inhibits the catalyst and 
conversion.43,47 The two methyl groups play an essential role in the dissociation 
of the dimeric complex into the catalytically active monomeric species and can 
therefore not be omitted. The Waymouth group demonstrated 
 





that catalyst inactivation can be minimized using ligands that are less oxidation 
sensitive. Palladium complexes of 4-methyl-2-(trifluoromethyl)-1,10-
phenanthroline (Figure 11, structure 47) showed an approximately 2-fold 
increase in turnover numbers (TON) and turnover frequencies (TOF) (after 24 h) 
compared to catalyst 28.50 We showed that deuteration of the methyl groups in 
neocuproine (Figure 11, structure 48) has a similar effect on the catalyst stability 
and also leads to an approximate 2-fold increase in TON and TOF.51  
 
 
Figure 11. Structure of oxidation resistant ligands. 
Besides improvements in the catalyst, also the reaction conditions have been 
optimized. The Waymouth group recently showed that sacrificial reductants that 
react with peroxides, such as 2,5-diispropylphenol have a beneficial effect on the 
catalyst lifetime, when dioxygen is used as a co-oxidant.49 Lowering the amount 
of benzoquinone simplifies purification and improves the selectivity. Finally, the 
Waymouth group showed that depending on the substrate, trifluoroethanol or 
acetonitrile/water can be used as solvents in the oxidation reaction. Although this 
greatly simplifies the workup procedure, it comes at the cost of epimerization of 
some of the products.49 
 
1.4 Applications 
The regioselective oxidation of vicinal diols has been applied in a wide 
range of research fields. It has been used for the valorization of glycerol, a major 
side product of the production of biodiesel. Palladium catalyst 28 and iron-based 
catalyst 6 convert glycerol selectively into dihydroxyacetone. This added value 
building block forms a starting point for the synthesis of fine chemicals and it can 
be applied in cosmetics. 
In organic synthesis, regioselective oxidation reactions have been 
employed to functionalize diols in partly protected intermediates to synthesize 
chemical probes52 and to synthesize natural products. We exploited the excellent 
regioselectivity offered by catalyst 28 for the protection group-free synthesis of 
the Colorado potato beetle pheromone 51 (Scheme 7).53 Asymmetric epoxidation 
of commercial available geraniol 49 followed by regioselective hydrolysis of the 
epoxide yielded triol 50. Selective oxidation of the secondary alcohol using 
catalyst 28 yielded the desired product 51, in 80% yield over three steps. Other 
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natural products containing a hydroxymethyl ketone moiety may be synthesized 
in a similar fashion. 
 
 
Scheme 7. Synthesis of the Colorado potato beetle pheromone 51 via regioselective oxidation. 
 
When applied on (partially protected) saccharides, regio-selective 
oxidation enables the synthesis of rare monosaccharides, the modification of 
aminoglycosides, and the straightforward synthesis of derivatives of 
glycosylated natural products. Palladium catalyst 28 has also been employed to 
synthesize drug derivatives.54 Analogues of the C-glycoside dapagliflozin 
(Figure 12, structure 52), an inhibitor of the glucose transporter SGLT-2, have 
been prepared using palladium catalyst 28.48  
 
Figure 12. Structure of the C-glycoside dapagliflozin. 
1.5 Outline of this thesis 
In the past decade, considerable advances have been made in the 
regioselective oxidation of vicinal diols. This has led to the development of 
methods that are environmentally more benign and that can be used to oxidize 
relatively simple 1,2-diols with excellent selectivities. Although insightful, the 
real potential of regioselective oxidation lies in the ability to modify more 
complex molecules, like monosaccharides, oligosaccharides, and glycosylated 
natural products and this is exemplified by a recent patent on the selective 
modification of natural products using oxidation.54  
To fully exploit the potential of regioselective oxidation reactions, 
methods that enable selective modification of specific glycoside residues within 
a complex oligosaccharide will have to be developed. To this end, further insights 
have to be obtained to predict how and which hydroxyl group will be oxidized 





 The aim of this thesis is to further investigate the regioselective 
palladium catalysed oxidation of glycosides. The focus lies on expanding the 
substrate scope, understanding the reactivity and eventually study the origin of 
the regioselectivity.  
 
In Chapter 2, an investigation is reported on the oxidation of 
oligosaccharides. By oxidizing oligosaccharides bearing an anomeric azide, 
bifunctional linkers can be prepared in only two steps. The applicability of these 
linkers is highlighted in the conjugation of a model protein with biotin. 
 
In Chapter 3, the oxidation method is further extended towards reducing 
carbohydrates. In this manner, the rare sugars allose and allitol can be prepared 
in a two-step one pot procedure from glucose. Furthermore, it is shown that  
overoxidation leads to a novel (side) product formed by skeletal rearrangement.  
 
In Chapter 4, the scope and limitations of the oxidation method are 
further investigated. To be able to monitor, analyse and characterize the reaction 
in one simple operation, it was decided to apply quantitative NMR (qNMR). In 
this manner, we were able to show that glucosides, mannosides, galactosides and 
xylosides all show selective oxidation of the C3-OH. However, subsequent 
reaction of the resulting ketone moiety is the main culprit for side product 
formation. 
 
In Chapter 5, an extension is made to the work described in chapter 4, 
focusing on the question why glucosides show an increased rate of oxidation 
compared to glycosides bearing an axial substituent. Furthermore, a hypothesis 
is formulated on the origin of the excellent regioselectivity. With the combined 
information obtained throughout this research and in previous studies, a 
working model for the regioselecitvity is developed. 
 
In Chapter 6, an outlook and future perspective for the selective 
oxidation of glycosides will be given. Several possible directions of further 
investigation of this oxidation method will be presented. Furthermore, possible 
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 Chapter 2 
Regioselective Oxidation of  
Unprotected (1→4) Linked Glucans 
In this chapter, the palladium-catalysed oxidation of unprotected (1→4) 
linked glucans is described. This chemo- and regioselective oxidation is 
demonstrated in the two-step bisfunctionalization of (1→4) linked glucans 
up to the 7-mer. Introduction of an anomeric azide is followed by a highly 
regioselective mono-oxidation of the terminal C3-OH functionality. The 
resulting orthogonal bis-functionalized oligosaccharides are a viable 
alternative to PEG-spacers as demonstrated in the conjugation of a 
cysteine mutant of 4-oxalocrotonate tautomerase with biotin. 
This chapter is adapted from the original publication: 
Eisink, N. N. H. M.; Lohse, J.; Witte, M. D.; Minnaard, A. J. Org. Biomol. 




2.1 Introduction  
Complex molecule functionalization including their diversification is 
one of the frontiers of contemporary chemistry. Control over chemical reactivity 
and predictable selectivity are the key goals in this field. Important strategies that 
currently see considerable development are C-H bond oxidation1 and C-H bond 
alkylation2, given the large number of C-H bonds present in most organic 
molecules. The regioselective functionalization, and, in particular, oxidation, of 
oligosaccharides should be placed in the same ball park. In oligo- and 
polysaccharides, the number of hydroxyl groups roughly equals the number of 
C–H bonds. Whereas in C–H activation, control over chemical reactivity is 
challenging, in carbohydrate oxidation (regio)selectivity is the crux. Indeed, 
hardly any studies have appeared on this topic,3,4 apart from those focusing on 
the anomeric hemiacetal, which stands out reactivity-wise.5 Although based on 
literature the picture seems bleak, it is well-known that in monosaccharides 
acetal formation is often highly regioselective. This feature has been exploited to 
selectively oxidize hydroxyl groups via tin-acetals.6 In the field of palladium-
catalysed alcohol oxidation, Waymouth and coworkers have shown that 1,2-
vicinal diols are selectively oxidized to hydroxyl ketones, e.g. the secondary 
hydroxyl group is oxidized preferentially over the primary hydroxyl group, via 
the palladium diol-complex.7 We recently extended this approach by 
demonstrating that this catalyst also discriminates between multiple secondary 
hydroxyl groups and oxidizes mono- and diglucosides selectively at the C3 
position.8  
In this chapter, we have further extended the scope of this regioselective 
palladium-catalysed alcohol oxidation towards oligoglucosides. The aim of this 
study was to investigate the compatibility of the oxidation with the presence of 
an azide. This makes it a powerful tool to prepare orthogonal bis-functionalized 
oligosaccharides, bearing both an azide and ketone functionality. Like PEG 
chains, (1→4) linked glucans, have shown to stabilize proteins,9 and may serve 
as spacers for the preparation of protein-drug conjugates. In addition, 1→4 linked 
glucans, may well be used as molecular rulers and building blocks for 
copolymers. 
 
2.2 Results and discussion 
2.2.1. Preparation of the substrates 
The synthesis of the required glycosyl azides as starting materials for the 
catalytic oxidation was carried out according to literature. Shoda recently 
pioneered the application of 2-chloro-1,3-dimethylimidazolinium chloride 
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(DMC) for the synthesis of anomeric azides in unprotected oligosaccharides.10–14 
For scalability reasons, we aimed to replace the described preparative HPLC 
purification. Silica gel chromatography with 10 – 15% water in acetonitrile as the 
eluent provided NMR-pure glucosyl azides, but all subsequent oxidation 
experiments failed to give conversion. Further study showed that 1,3-dimethyl-
imidazolidin-2-one did not hamper the oxidation reaction but small amounts of 
NaCl, NaBr, KI and NaN3 led to complete inhibition. Apparently, salts in the 
reaction mixture co-eluted during purification.15 To lower the amount of chloride 
present, DMC chloride was replaced by DMC-PF6 1. Additional advantage is that 
this reagent is less hygroscopic and therefore easier to handle. As an alternative, 
it is also possible to directly use ADMC, in which the azide is already introduced 
in the activating agent.16 The key measure, however, turned out to be the 
application of column chromatography on charcoal. Improving upon the 
procedure of Whistler et al,17 a ratio of 10 : 1 (w/w charcoal to product) and elution 
with water followed by a gradient of ethanol/water turned out sufficient to purify 
the glucosyl azides on preparative scale. With this purification method in hands, 
we prepared the  
Table 1. Preparation of oligoglycosyl azides. 
 









4: n=1 : 81 
5: n=2: 76 
6: n=3 : 74 
7: n=4 : 69 
8: n=5 : 76 
Reaction conditions: a) 3 equiv of DMC-PF6 1, 9 equiv of NaN3, 10 equiv of iPr2NEt, 0.25M H2O, 





Figure 1. Cationic palladium complex. 
desired range of maltosyl to maltoheptaosyl azides (2 – 8, see Table 1). We 
subsequently subjected the obtained glucosyl azides to palladium catalysed 
regioselective oxidation. Hitherto, its compatibility with azides had not been 
studied, and the substrate scope was limited to mono- and disaccharides. β-D-
Cellobiosyl azide 2 was selected as starting point for the oxidation due to its 
straightforward comparison to the reported oxidation of methyl α-D-
cellobioside. When 2 was reacted with 0.5 mol% of catalyst 9 (Figure 1), no 
conversion was observed. An increased catalyst loading to 7.5 mol%, however, 
led to full conversion (Scheme 1). Ketone 10 was readily purified by charcoal 
column chromatography to give 61% isolated yield (Table 2, entry 1). According 
to NMR, the C3-OH of the non-azido glucose residue had been oxidized 
selectively. The H2 and H4 of this ring shifted significantly downfield, separating 
them from the other signals in the 1H-NMR and showed a long-range coupling 
(~1.6 Hz). Furthermore, the H2 of the oxidized ring coupled to the H1 of the O-
glycoside and not to the H1 of the N-glycoside. β-D-3-Ketomaltosyl azide 11 
could also be produced in this fashion in a similar yield (Table 2, entry 2). 
Apparently, the Pd-catalysed oxidation is compatible with anomeric azides 
although an increased amount of catalyst is required. In the same way, β-D-
maltotriosyl azide was oxidized, which provided 12 in 60% isolated yield. 
Although 1H-NMR readily identified oxidation at a C3 position, identifying 
which glucose residue had been oxidized proved to be more challenging. An 
empirical study by Bock and coworkers18,19 had revealed that the C4 carbon 
involved in a glycosidic bond has a distinct downfield shift in 13C-NMR (~77-80 
ppm) compared to the other carbon signals (55-76 ppm, apart from the anomeric  
 
 
Scheme 1. Oxidation of -D-cellobiosyl azide 2. Reaction conditions: 7.5 mol% of 
[(neocuproine)PdOAc]2OTf2, 3 equiv benzoquinone, 0.3 M in DMSO/dioxane 1/4, r.t. 7 h. 
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carbons). The straightforward assignment of the H4 next to the ketone in 1H-
NMR enabled identification of the corresponding carbon signal with HMQC, see 
Figure 3. The signal of this C4 appeared at 71.8 ppm, identifying the carbon as a 
CHOH moiety, which confirmed that oxidation had taken place at the terminal 
non-azido end. To verify this analysis, the C4 of the glucosyl azide moiety was 
also determined. Using TOCSY and COSY NMR techniques H4 of this ring was 
readily identified. As described above, the corresponding C4 could be found 
using HMQC, giving a signal typically around 77-80 ppm (see Figure 2). 
Furthermore, the chemical shifts of the synthesized β-D-3-ketomaltotriosyl azide 
were in agreement with the reported values of the oxidation at the terminal C3 
position of maltotriose.20 With selective oxidation on the terminal glucose residue 
in this trisaccharide established, the scope was extended to even larger 
oligosaccharides. β-D-maltotetraosyl azide was oxidized to 13 in 38% isolated 
yield upon increasing the catalyst loading to 15 mol%. With this protocol, we 
demonstrated that azido-β-1,4-glucans (“azido oligomaltoses”) up to 
maltoheptaose were readily and in high selectivity converted into their C3-keto  
 
Table 2. Regioselective oxidation of oligomaltosyl azides. 
 









12 n=1: 60 
13 n=2: 38 
14 n=3: 30 
15 n=4: 30 
16 n=5: 47 
Reaction conditions: 7.5 mol% of [(neocuproine)PdOAc]2OTf2 9, 3 equiv of benzoquinone, 0.3 M 
in DMSO/dioxane 1:4, r.t. 7 h. a) 15 mol% of [(neocuproine)PdOAc]2OTf2 9, 3 equiv of 





Figure 2. -D-3-ketomaltoheptaosyl azide + 13C-NMR shifts. 
derivatives (see Table 2, entry 3-7 and Figure 2). NMR analysis shows that in all 
cases oxidation takes place selectively at the C3-position of the terminal non-
reducing glucose unit. The reaction proceeds with exceptional regioselectivity 
and only very small amounts of regio-isomers and products resulting from  
overoxidation were observed in the crude reaction mixture. To indicate the level 
of selectivity, in Figure 4 there is an overlay of the crude and isolated 1H-NMR 
spectrum of -D-3-ketomaltoheptaosyl azide. Although the reactions proceed 
with full conversion of the starting material, purification of these highly polar 
compounds is challenging. Charcoal column chromatography effectively 
removed the impurities, however resulting in a somewhat decreased isolated 
yield. Upon prolonged reaction,  overoxidation on different positions is 
observed. 
 
Figure 3. NMR analysis of β-D-3-ketomaltotriosyl azide 12 Relevant sections of the spectrum 
are shown. HMQC: Correlation of H4’’ with the corresponding carbon signal. H4 and H4’ 





















































Figure 4. 1H-NMR of -D-3-ketomaltoheptaosyl azide 16. Top spectrum is of the crude 
reaction mixture. Bottom spectrum is after charcoal purification. 
As an indication of the extreme selectivity of the reaction, the 47% yield in the 
oxidation of β-D-maltoheptaosyl azide translates in a selectivity ratio of >10. Why 
only the terminal C3-OH is oxidized will be further discussed in Chapter 4. 
To further expand the scope of the oxidation reaction, readily available 
sucrose, although not a 1,4-linked glucan, was studied as it consists of glucose 
1,1-linked to fructose. The reaction was monitored by quantitative 1H-NMR (Q-
NMR). The reaction gave 50% of the expected 3-keto sucrose (18) together with 
several side products in smaller amounts (Scheme 2).  
 
Scheme 2. Oxidation of sucrose.  Reaction conditions: 2.5 mol% of [(neocuproine)PdOAc]2OTf2, 
3 equiv benzoquinone, 0.3 M in DMSO-d6, r.t. 1 h. Conversion determined by Q-NMR. 
2.2.2 Bis-functionalization of a mutant of 4-oxalocrotonate 
tautomerase  
Bis-functionalized oligosaccharides, in particular oligo-maltoses, are 
potentially highly effective molecular rulers and spacers.21–23 Oligomaltoses share 
a high water solubility with poly-ethylene glycol (PEG), but contrary to the latter 
they have a well-defined length and stiffness due to their internal structure.24 As 




each other, and bio-orthogonal. One of these handles can be used for the 
glycosylation of a protein, and the second one for subsequent modification of the 
glycoprotein conjugate with a molecule of interest (Figure 5). To validate the 
feasibility of this application, such a protein-glycan conjugate was prepared. A 
cysteine mutant of 4-oxalocrotonate tautomerase, denoted 4-OT R61C-1, coupled 
to a terminal alkyne at the cysteine residue via a maleimide linker, was selected 
as a model protein.25 We decided to ligate biotin hydrazide to the ketone 
functionality of the saccharide residue, for straightforward visualization of the 
bisfunctionalized construct by Western blotting. After hydrazone formation, the 
 
Figure 5. A: Introduction of a protein-alkyne and a biotin hydrazide onto β-D-
ketomaltoheptaosyl azide. B: Tricine SDS Page, visualized by Coomassie Brilliant Blue stain. 
C: Western Blot using Strep-HRP and ECL (* 4-OT modified with maltotriose biotin, ** 4-OT 
modified with maltoheptaose biotin, *** 4-OT oligomers). 
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modified oligosaccharides β-D-maltotriosyl azide-biotin and β-D-maltoheptaosyl 
azide-biotin were incubated with the protein in the presence of CuSO4/tris (3-
hydroxypropyltriazolylmethyl)amine and sodium ascorbate (Figure 5A). As a 
control, the same reaction was performed in the absence of the saccharides. 
Tricine SDS-PAGE analysis of the conjugation reaction visualized by Coomassie 
stain showed in the cases with saccharide present the appearance of new bands.  
The molecular weight of these bands is increased compared to the unmodified 
protein and corresponds with the respective functionalization of 4-OT with β-D-
maltotriosyl azide-biotin and β-D-maltoheptaosyl azide-biotin (Figure 5B). In the 
control reaction, this particular shift was not observed, further confirming that 
these new bands originate from the biotin-carbohydrate-protein adduct. To 
verify the bis-functionalization of the oligosaccharide, we visualized the 
biotinylated protein adducts via Western blotting. To this end, the biotin-
carbohydrate-protein adduct was treated with streptavidin protein that is 
covalently conjugated to horseradish peroxidase (HRP) enzyme. The terminal 
biotin moiety binds to the streptavidin and the conjugated HRP provides enzyme 
activity for detection by reduction of luminol. As depicted in Figure 5C, a strong 
chemi-luminescence signal arising from the protein-oligosaccharide-biotin 
conjugate was observed at the expected molecular weight. Inversion of the 
ligation steps, e.g. first ligation of the protein to the azido carbohydrate, followed 
by biotinylation was also effective, albeit with a lower efficiency. 
 
2.3 Conclusions  
In conclusion, palladium-catalysed alcohol oxidation allows the 
regioselective modification of azido-β-(1→4)-glucans, in casu azido 
oligomaltoses. The chemo- and regioselectivity of the catalyst system 
[(neocuproine)PdOAc]2OTf2 is extremely high and unprecedented; in azido 
maltoheptaose one secondary hydroxyl group is oxidized in the presence of 7 
primary and 15 nearly identical secondary hydroxyl groups to provide the 
product in 47% isolated yield. Oxidation takes place at the C3-position of the 
terminal residue at the non-azido end. As the oxidation is compatible with an 
azide functionality in the substrate this allows the synthesis of well-defined 
orthogonal bisfunctionalized (1→4)-linked glucans. Column chromatography on 
charcoal allows purification on a synthetically useful scale. Among the many 
foreseeable applications as biocompatible spacers, molecular rulers, and building 
blocks for copolymers, it has been demonstrated that a protein-oligomaltose 
adduct can be prepared and subsequently visualized via biotinylation at the 





2.4 Experimental section 
2.4.1 General information 
Solvents and Reagents 
All solvents used for reaction, extraction, filtration and chromatography were of 
commercial grade, and used without further purification. Maltotetraose was 
purchased from Carbosynth, maltopentaose up to maltoheptaose was purchased 
from TCI Europe. DMC-Cl PF6 was purchased from AK Scientific. Benzoquinone 
was sublimed prior to using. [(Neocuproine)PdOAc]2OTf2 was prepared 
according to literature procedure.26  
Analysis 
TLC was performed on Merck silica gel 60, 0.25 mm plates and visualization was 
done by staining with anisaldehyde reagent (a mixture of acetic acid (300 ml), 
H2SO4 (6 ml), anisaldehyde (3 ml)) or potassium permanganate stain (a mixture 
of KMnO4 (3 g), K2CO3 (10 g), water (300 mL)). 
1H-, 13C-, APT-, COSY-, TOCSY and HMQC-NMR were recorded on a Varian 
AMX400 spectrometer (400, 100 MHz, respectively) using CD3OD or D2O as 
solvent. Chemical shift values are reported in ppm with the solvent resonance as 
the internal standard (CD3OD: δ 3.31 for 1H, δ 49.15 for 13C; D2O: δ 4.80 for 1H). 
Data are reported as follows: chemical shifts (δ), multiplicity (s = singlet, d = 
doublet, dd = double doublet, ddd = double double doublet, t = triplet, appt = 
apparent triplet, q =quartet, m = multiplet), coupling constants J (Hz), and 
integration. High Resolution Mass Spectroscopy measurements were performed 
using a ThermoScientific LTQ OribitrapXL spectrometer. Optical rotations were 
measured on a Schmidt + Haensch polarimeter (Polartronic MH8) with a 10 cm 
cell (c given in g/100 mL). Infrared (IR) data were recorded on a Perkin Elmer 
UATR Spectrum Swo FT-IR spectrometer. Absorbance frequencies are reported 
in reciprocal centimeters (cm-1) 
 
2.4.2 Purification: General method for purification on charcoal. 
Preparation of a charcoal column: 
Solid loading cartridges (solid loading cartridges for a Grace Reveleris automatic 
column system) were used to perform the column chromatography. One frit was 
placed on the bottom of the cartridge, followed by the desired amount of charcoal 
(DARCO® G60 activated charcoal, 100 mesh particle size, equal to 10 times the 
amount of starting material used) Then a second frit was added and pressed 
firmly together. The charcoal column was washed with ~5 column volumes (CV) 
of water and stored wet until use (Figure 6A). 
 




Figure 6. A: close up charcoal column (~1 g) B: charcoal column vacuum + air pressure, 
adapter made from a 15 ml Greiner tube, bottom removed + hole in cap for connection to the 
air pressure. 
Performing charcoal column chromatography (See Figure 6A and 6B): 
Charcoal column chromatography is performed with negative pressure 
(vacuum) in combination with air pressure to maintain an acceptable flow rate 
(depending on the size of the column, only vacuum can be sufficient). Before 
loading, traces of organic solvents are removed in vacuo from the sample. The 
remaining aqueous solution is directly loaded onto the prepared (and washed) 
charcoal column, and elution starts with pure water to elute salts (if applicable, 
the presence of salts in eluted fractions is indicated with 0.1 M AgNO3(aq)). Upon 
complete elution of the salts, a gradient of ethanol/water is used to elute the 
desired product (2 – 4 CV per 2% increase, followed by TLC monitoring for 
elution of product(s)). When the desired product starts to elute, the polarity of 
the eluent can be further decreased (to 20 - 30% ethanol/water) to speed up the 
elution. The fractions containing the product are evaporated or freeze-dried to 
yield the pure product. 
For larger molecules, such as maltotetraose and higher oligos, tert-butanol is more 
efficient than ethanol. 
 
For purification of the oxidized products, the charcoal chromatography is 
performed with a small frit of celite on top of the column, to retain the 
precipitated hydroquinone. Upon complete loading of the product, this frit is 
removed from the column to ensure an acceptable flow rate, and the elution is 
continued as stated above.  
  
A                                    B 











2.4.3. Synthesis of glucosyl azides 
β-D-glucosyl azide (19) 
To a solution of glucose (500 mg, 2.78 mmol, 1 eq), sodium azide 
(1.8 g, 27.8 mmol, 10 eq) and N,N-diisopropylethylamine (4.4 ml, 
25 mmol, 9 eq) in water (4.4 ml) at 0 °C was added DMC-PF6 (2.3 
g, 8.33 mmol, 3 eq). The resulting mixture was stirred at 0 °C 
until complete conversion of starting material was observed on TLC (eluent: 15% 
H2O/CH3CN). Upon complete conversion, the solution was washed with 
dichloromethane (3 x 50 ml). The resulting water layer was purified by charcoal 
column chromatography (7% EtOH/H2O eluted the desired product) and 
concentrated in vacuo to yield 460 mg (2.24 mmol, 81%) of pure β-D-glucosyl 
azide. 1H-NMR (400 MHz, CD3OD) δ 4.50 (d, J = 8.6 Hz, 1H), 3.87 (dd, J = 12.1, 2.1 
Hz, 1H), 3.68 (dd, J = 12.1, 5.3 Hz, 1H), 3.42 – 3.27 (m, 3H), 3.14 (appt, J = 8.9 Hz, 
1H). 13C-NMR (101 MHz, CD3OD) δ 91.9, 80.0, 78.0, 74.7, 71.0, 62.5. 
Characterization matches literature.14 
 
β-D-cellobiosyl azide (2)  
To a solution of cellobiose (100 mg, 0.292 mmol, 1 eq), 
sodium azide (190 mg, 2.92 mmol, 10 eq) and N,N-
diisopropylethylamine (460 µl, 2.63 mmol, 9 eq) in 
water (1.1 ml) at room temperature was added DMC-
PF6 (245 mg, 0.88 mmol, 3 eq). The resulting mixture was stirred at room 
temperature until TLC indicated full conversion of starting material (eluent: 15% 
H2O/CH3CN). Upon complete conversion, the solution was washed with 
dichloromethane (3 x 20 ml). The resulting water layer was purified by charcoal 
column chromatography (14% EtOH/H2O eluted the desired product) and 
concentrated in vacuo to yield 87 mg (0.237 mmol, 81%) of pure β-D-cellobiosyl 
azide. 1H-NMR (400 MHz, CD3OD) δ 4.55 (d, J = 8.7 Hz, 1H), 4.42 (d, J = 7.8 Hz, 
1H), 3.95 – 3.83 (m, 3H), 3.66 (dd, J = 11.9, 5.5 Hz, 1H), 3.62 – 3.48 (m, 3H), 3.41 – 
3.29 (m, 3H, overlapping with CD3OD), 3.26 – 3.18 (m, 2H). 13C-NMR (101 MHz, 
CD3OD) δ 104.5, 91.8, 80.0, 78.5, 78.0, 77.8, 76.4, 74.8, 74.4, 71.3, 62.4, 61.6. 
Characterization matches literature.14 
 
β-D-maltosyl azide (3)  
To a solution of maltose monohydrate (100 mg, 0.278 
mmol, 1 eq), sodium azide (180 mg, 2.78 mmol, 10 eq) 
and N,N-diisopropylethylamine (440 µl, 2.50 mmol, 9 
eq) in water (1.1 ml) at room temperature was added 
DMC-PF6 (230 mg, 0.83 mmol, 3 eq). The resulting 
mixture was stirred at room temperature until TLC indicated full conversion of 
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starting material (eluent: 20% H2O/CH3CN). Upon complete conversion, the 
solution was washed with dichloromethane (3 x 20 ml). The resulting water layer 
was purified by charcoal column chromatography (11% EtOH/H2O eluted the 
desired product) and concentrated in vacuo to yield 76 mg (0.207 mmol, 74%) of 
pure β-D-maltosyl azide. 1H-NMR (400 MHz, CD3OD) δ 5.18 (d, J = 3.8 Hz, 1H), 
4.54 (d, J = 8.6 Hz, 1H), 3.9 (dd, J = 12.39, 1.98 Hz, 1H), 3.86 – 3.80 (m, 2H), 3.71 – 
3.63 (m, 3H), 3.63 – 3.54 (m, 2H), 3.50 (td, J = 5.2, 4.8, 1.9 Hz, 1H), 3.46 (dd, J = 9.7, 
3.7 Hz, 1H), 3.32 – 3.24 (m, 1H, overlapping with CD3OD), 3.20 (appt, J = 8.9 Hz, 
1H). 13C NMR (101 MHz,CD3OD) δ 102.8, 91.9, 80.5, 78.7, 77.8, 75.0, 74.7, 74.3, 
74.1, 71.4, 62.7, 61.9. 
Characterization matches literature.14 
 
β-D-maltotriosyl azide (4)  
To a solution of maltotriose (93% purity, 100 
mg, 0.184 mmol, 1 eq), sodium azide (120 mg, 
1.84 mmol, 10 eq) and N,N-
diisopropylethylamine (290 µl, 1.66 mmol, 9 eq) 
in water (0.75 ml) at room temperature was 
added DMC-PF6 (155 mg, 0.55 mmol, 3 eq). The 
resulting mixture was stirred at room 
temperature until TLC indicated full conversion of starting material (eluent: 30% 
H2O/CH3CN). Upon complete conversion, the solution was washed with 
dichloromethane (3 x 20 ml). The resulting water layer was purified by charcoal 
column chromatography (12% EtOH/H2O eluted the desired product) and 
concentrated in vacuo to yield 79 mg (0.149 mmol, 81%) of pure β-D-maltotriosyl 
azide. 1H-NMR (400 MHz, CD3OD) δ 5.19 (d, J = 3.8 Hz, 1H), 5.16 (d, J = 3.8 Hz, 
1H), 4.55 (d, J = 8.6 Hz, 1H), 3.94 – 3.73 (m, 7H), 3.72 – 3.42 (m, 9H), 3.35 – 3.24 (m, 
1H, overlapping with CD3OD), 3.21 (appt, J = 8.9 Hz, 1H) 13C NMR (101 
MHz,CD3OD) 102.8, 102.6, 91.9, 81.2, 80.5, 78.6, 77.8, 75.0, 74.9, 74.7, 74.3, 74.1, 
73.7, 73.3, 71.4, 62.6, 62.1, 62.0.  
Characterization matches literature..14 
 
β-D-maltotetraosyl azide (5)  
To a solution of maltotetraose (100 mg, 
0.150 mmol, 1 eq), sodium azide (490 mg, 
7.5 mmol, 50 eq) and N,N-
diisopropylethylamine (390 µl, 2.25 mmol, 
15 eq) in water (1.5 ml) at room 
temperature was added DMC-PF6 (210 mg, 
0.75 mmol, 5 eq). The resulting mixture 




material (eluent: 30% H2O/CH3CN). Upon complete conversion, the solution was 
washed with dichloromethane (3 x 20 ml). The resulting water layer was purified 
by charcoal column chromatography (3 % tBuOH/H2O eluted the desired 
product) and concentrated in vacuo to yield 79 mg (0.114 mmol, 76%) of pure β-
D-maltotetraosyl azide. 1H NMR (400 MHz, D2O) δ 5.45 – 5.38 (m, 3H), 4.79 (d, J 
= 8.7 Hz, 1H), 4.01 – 3.91 (m, 3H), 3.92 – 3.77 (m, 9H), 3.77 – 3.55 (m, 10H), 3.43 
(appt, J = 9.4 Hz, 1H), 3.32 (appt, J = 9.1 Hz, 1H). 13C NMR (101 MHz, D2O) δ 99.7, 
99.6, 99.3, 89.8, 76.8, 76.6, 76.4, 76.2, 76.1, 73.3, 73.2, 72.8, 72.6, 71.7, 71.5, 71.4, 71.1, 
69.2, 60.4, 60.3. (4 signals are missing due to severe overlap). 
Characterization matches literature.14 
 
β-D-maltopentaosyl azide (6)  
To a solution of maltopentaose (109 mg, 
0.132 mmol, 1 eq), sodium azide (428 mg, 
6.58 mmol, 50 eq) and N,N-
diisopropylethylamine (350 µl, 1.97 
mmol, 15 eq) in water (1.3 ml) at room 
temperature was added DMC-PF6 (183 
mg, 0.658 mmol, 5 eq). The resulting 
mixture was stirred at room temperature until TLC indicated full conversion of 
starting material (eluent: 30% H2O/CH3CN). Upon complete conversion, the 
solution was washed with dichloromethane (3 x 20 ml). The resulting water layer 
was purified by charcoal column chromatography (3.5 % tBuOH/H2O eluted the 
desired product) and concentrated in vacuo to yield 83 mg (0.097 mmol, 74%) of 
pure β-D-maltopentaosyl azide. 1H NMR (400 MHz, D2O) δ 5.28 – 5.24 (m, 4H), 
4.62 (d, J = 8.9 Hz, 1H), 3.86 – 3.76 (m, 4H), 3.75 – 3.63 (m, 12H), 3.60 – 3.42 (m, 
12H), 3.28 (appt, J = 9.4 Hz, 1H), 3.17 (appt, J = 9.1 Hz, 1H).13C NMR (101 MHz, 
D2O) δ 99.7, 99.5, 99.5, 99.4, 89.8, 76.8, 76.7, 76.6, 76.4, 76.2, 76.1, 73.3, 73.2, 73.2, 
72.8, 72.6, 72.6, 71.6, 71.5, 71.4, 71.1, 69.2, 60.4, 60.4, 60.3. (5 signals are missing 
due to severe overlap). 
Characterization matches literature14 
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β-D-maltohexaosyl azide (7)  
To a solution of maltohexaose (124 mg, 
0.125 mmol, 1 eq), sodium azide (407 mg, 
6.26 mmol, 50 eq) and N,N-
diisopropylethylamine (325 µl, 1.875 
mmol, 15 eq) in water (1.25 ml) at room 
temperature was added DMC-PF6 
(174 mg, 0.625 mmol, 5 eq). The resulting 
mixture was stirred at room temperature until TLC indicated full conversion of 
starting material (eluent: 30% H2O/CH3CN). Upon complete conversion, the 
solution was washed with dichloromethane (3 x 15 ml). The resulting water layer 
was purified by charcoal column chromatography (3.75 % tBuOH/H2O eluted the 
desired product) and concentrated in vacuo to yield 87 mg (0.086 mmol, 69%) of 
pure β-D-maltohexaosyl azide. 1H NMR (400 MHz, D2O) δ 5.27 (m, 5H), 4.62 (d, J 
= 9.1 Hz, 1H), 3.87 – 3.77 (m, 5H), 3.77 – 3.62 (m, 15H), 3.62 – 3.42 (m, 14H), 3.28 
(appt, J = 9.3 Hz, 1H), 3.17 (appt, J = 9.1 Hz, 1H). 13C NMR (101 MHz, D2O) δ 99.7, 
99.5, 99.5, 99.5, 99.4, 89.8, 76.8, 76.7, 76.7, 76.6, 76.6, 76.4, 76.2, 76.1, 73.3, 73.2, 73.2, 
72.8, 72.6, 71.6, 71.5, 71.4, 71.1, 71.1, 69.2, 60.4, 60.3. (9 signals are missing due to 
severe overlap). 
Characterization matches literature.14 
 
β-D-maltoheptaosyl azide (8)  
To a solution of maltoheptaose (80% 
purity, 100 mg, 0.0694 mmol, 1 eq), 
sodium azide (225 mg, 3.5 mmol, 50 eq) 
and N,N-diisopropylethylamine (180 µl, 
1.04 mmol, 15 eq) in water (0.7 ml) at room 
temperature was added DMC-PF6 (100 
mg, 0.347 mmol, 5 eq). The resulting 
mixture was stirred at room temperature until TLC indicated full conversion of 
starting material (eluent: 35% H2O/CH3CN). Upon complete conversion, the 
solution was washed with dichloromethane (3 x 20 ml). The resulting water layer 
was purified by charcoal column chromatography (3.5 % tBuOH/H2O eluted the 
desired product) and concentrated in vacuo to yield 62 mg (0.0526 mmol, 76%) of 
pure β-D-maltoheptaosyl azide. 1H NMR (400 MHz, D2O) δ 5.43 – 5.38 (m, 6H), 
4.76 (d, J = 9.6 Hz, 1H), 4.01 – 3.92 (m, 6H), 3.90 – 3.77 (m, 17H), 3.77 – 3.55 (m, 
17H), 3.43 (appt, J = 9.4 Hz, 1H), 3.31 (appt, J = 9.1 Hz, 1H). 13C NMR (101 MHz, 
D2O) δ 99.7, 99.6, 99.4, 89.9, 76.7, 76.6, 76.4, 76.2, 76.1, 73.3, 73.2, 73.2, 72.8, 72.6, 
71.7, 71.5, 71.4, 71.1, 71.1, 69.2, 60.4, 60.4, 60.4, 60.3. (18 signals are missing due to 




2.4.4 Synthesis of keto-glycosyl azides 
β-D-3-ketoglucosyl azide (20)  
β-D-glucosyl azide 19 (50 mg, 0.243 mmol, 1 eq) was dissolved 
in a dioxane/DMSO mixture (4:1, 800 µl, 0.3 M), before 
benzoquinone (80 mg, 0.731 mmol, 3 eq) and [(2,9-dimethyl-
1,10-phenanthroline)-Pd(μ-OAc)]2(OTf)2 (20 mg, 18 µmol, 7.5 
mol%) were added. The reaction was stirred at room temperature till complete 
consumption of starting material (indicated by TLC (eluent: 15% 
MeOH/CH2Cl2)). Upon completion, the reaction mixture was diluted with 10% 
EtOH/H2O (7 ml) and the resulting aqueous solution was flushed over a charcoal 
column and concentrated in vacuo to yield β-D-3-ketoglucosyl azide. (18 is highly 
unstable, flushing over charcoal yielded the product with minor amounts of degradation. 
Due to this instability a yield of this reaction could not be determined, 18 was only 
characterized by 1H-NMR.) 1H NMR (400 MHz, CD3OD) δ 4.66 (d, J = 8.7 Hz, 1H), 
4.29 (dd, J = 10.2, 1.7 Hz, 1H), 4.13 (dd, J = 8.7, 1.6 Hz, 1H), 3.95 (dd, J = 12.2, 2.1 
Hz, 1H), 3.81 (dd, J = 12.4, 4.9 Hz, 1H), 3.48 (ddd, J = 10.3, 4.7, 2.0 Hz, 1H). 
 
β-D-3-ketocellobiosyl azide (10) 
β-D-cellobiosyl azide 2 (40 mg, 0.109 mmol, 1 eq) was 
dissolved in a dioxane/DMSO mixture (4:1, 370 µl, 
0.3 M), before benzoquinone (35 mg, 0.327 mmol, 3 
eq) and [(2,9-dimethyl-1,10-phenanthroline)-Pd(μ-
OAc)]2(OTf)2 (9 mg, 8.6 µmol, 7.5 mol%, added in 3 portions over 6 h) were added. 
The reaction was stirred at room temperature till complete consumption of 
starting material (indicated by TLC (eluent: CHCl3:MeOH:EtOAc:H2O 
2:2:4:0.75)). Upon completion, the reaction mixture was diluted with H2O (7 ml) 
and the resulting aqueous solution was purified by charcoal column 
chromatography (12% EtOH/H2O eluted the desired product). The product was 
freeze-dried to yield 26 mg (0.071 mmol, 65%) of an off-white solid. 1H NMR (400 
MHz, CD3OD) δ 4.56 (d, J = 8.7 Hz, 1H), 4.56 (d, J = 7.9 Hz, 1H), 4.24 (dd, J = 10.2, 
1.7 Hz, 1H), 4.18 (dd, J = 8.0, 1.8 Hz, 1H), 3.97 – 3.86 (m, 3H), 3.78 (dd, J = 12.1, 5.0 
Hz, 1H), 3.72 – 3.65 (m, 1H), 3.58 (t, J = 9.0 Hz, 1H), 3.52 (ddd, J = 9.7, 3.7, 2.3 Hz, 
1H), 3.38 (ddd, J = 10.1, 5.0, 2.1 Hz, 1H), 3.21 (appt, J = 8.9 Hz, 1H). 13C NMR (101 
MHz, CD3OD) δ 206.6, 105.7, 91.9, 79.6, 78.6, 78.2, 78.2, 76.4, 74.5, 73.4, 62.3, 61.3. 
HRMS (ESI) calculated for C12H19O10N3Na ([M+Na]+): 388.096, found: 388.096 IR 
νmax/cm-1: 3368 (OH), 2888 (C-H), 2118 (N3), 1734 (C=O), 1028 (C-O) [α]D
20 = -20 
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β-D-3-ketomaltosyl azide (11)  
β-D-maltosyl azide 3 (76 mg, 0.207 mmol, 1 eq) was 
dissolved in a dioxane/DMSO mixture (4:1, 700 µl, 
0.3 M), before benzoquinone (67 mg, 0.620 mmol, 3 eq) 
and [(2,9-dimethyl-1,10-phenanthroline)-Pd(μ-
OAc)]2(OTf)2 (16 mg, 15.5 µmol, 7.5 mol%, added in 3 
portions over 6h) were added. The reaction was stirred 
at room temperature till complete consumption of starting material (indicated by 
TLC (eluent: CHCl3:MeOH:EtOAc:H2O 2:2:4:0.75)). Upon completion, the 
reaction mixture was diluted with H2O (14 ml) and the resulting aqueous solution 
was purified by charcoal column chromatography (7% EtOH/H2O eluted the 
desired product). The product was freeze dried to yield 46 mg (0.122 mmol, 59%) 
as an off-white solid. (contains ~10% hydroquinone by NMR integration, isolated 
yield corrected for this value). 1H NMR (400 MHz, CD3OD) δ 5.64 (d, J = 4.5 Hz, 
1H), 4.50 (d, J = 8.7 Hz, 1H), 4.46 (dd, J = 4.5, 1.5 Hz, 1H), 4.26 (dd, J = 9.5, 1.6 Hz, 
1H), 3.91 – 3.76 (m, 5H), 3.64 – 3.58 (m, 2H), 3.43 (ddd, J = 9.2, 4.4, 1.9 Hz, 1H), 
3.17 (appt, J = 8.7 Hz, 1H). 13C NMR (101 MHz, CD3OD) δ 207.0, 104.7, 91.9, 79.7, 
78.4, 77.9, 77.6, 76.5, 74.4, 73.3, 62.5, 61.8. HRMS (ESI) calculated for 
C12H19O10N3Na ([M+Na]+): 388.096, found: 388.096 IR νmax/cm-1: 3343 (OH), 2928 
(C-H), 2118 (N3), 1736 (C=O), 1028 (C-O) [α]D
20 = + 89.6 (c 1.00, H2O) 
 
β-D-3-ketomaltotrioside (12)  
β-D-maltotriosyl azide 4 (190 mg, 0.360 mmol, 
1 eq) was dissolved in DMSO (2.4 ml, 0.3 M), 
before benzoquinone (117 mg, 1.080 mmol, 
3 eq) and [(2,9-dimethyl-1,10phenanthroline)-
Pd(μ-OAc)]2(OTf)2 (28 mg, 27 µmol, 7.5 mol%) 
were added. The reaction was stirred at room 
temperature till complete consumption of 
starting material (indicated by TLC (eluent: 
15% H2O/CH3CN). Upon completion the reaction mixture was diluted with H2O 
(10 ml) and the resulting aqueous solution was purified by charcoal column 
chromatography (20% EtOH/H2O eluted the desired product). The product was 
freeze dried to yield 121 mg (0.23 mmol, 60%) as an off-white solid. 1H NMR (400 
MHz, CD3OD) δ 5.60 (d, J = 4.5 Hz, 1H), 5.16 (d, J = 3.8 Hz, 1H), 4.51 (d, J = 8.6 Hz, 
1H), 4.45 (dd, J = 4.4, 1.6 Hz, 1H), 4.26 (dd, J = 9.6, 1.6 Hz, 1H), 3.93 – 3.71 (m, 8H), 
3.65 – 3.43 (m, 6H), 3.18 (appt, J = 8.9 Hz, 1H). 13C NMR (101 MHz, CD3OD) δ 
207.1, 104.8, 102.6, 91.9, 80.6, 80.5, 78.7, 77.9, 77.8, 76.6, 74.6, 74.3, 73.7, 73.3, 73.0, 
62.5, 62.0, 61.9 HRMS (ESI) calculated for C18H29O15N3Na ([M+Na]+): 550.149, 
found: 550.148 IR νmax/cm-1: 3338 (OH), 2925 (C-H), 2118 (N3), 1737 (C=O), 1025 
(C-O), [α]D




β-D-3-ketomaltoteraosyl azide (13)  
β-D-maltotetraosyl azide 5 (55 mg, 0.08 
mmol, 1 eq) was dissolved in DMSO (530 µl, 
0.15 M), before benzoquinone (26 mg, 0.240 
mmol, 3 eq) and [(2,9-dimethyl-1,10-
phenanthroline)-Pd(μ-OAc)]2(OTf)2 (12 mg, 
12 µmol, 15 mol%) were added. The reaction 
was stirred at room temperature till 
complete consumption of starting material (indicated by TLC (eluent: 20% 
H2O/CH3CN)). Upon completion, the reaction mixture was diluted with H2O 
(15 ml) and the resulting aqueous solution was purified by charcoal column 
chromatography (2.5% tBuOH/H2O eluted the desired product). The product was 
freeze-dried to yield an off white solid, containing traces of hydroquinone. 
Hydroquinone was removed by washing the product in water with diethyl ether 
to yield 21 mg (0.03 mmol, 38%) of an off-white solid. 1H NMR (400 MHz, D2O) 
δ 5.68 (d, J = 4.6 Hz, 1H), 5.27 (d, J = 4.0 Hz, 1H), 5.24 (d, J = 4.1 Hz, 1H), 4.62 (d, J 
= 9.1 Hz, 1H), 4.52 (dd, J = 4.6, 1.5 Hz, 1H), 4.32 (dd, J = 9.6, 1.5 Hz, 1H), 3.85 – 3.50 
(m, 18H), 3.48 (dd, J = 9.8, 4.0 Hz, 2H), 3.17 (appt, J = 9.0 Hz, 1H). 13C NMR (101 
MHz, D2O) δ 207.2, 102.1, 99.5, 99.3, 89.8, 76.7, 76.6, 76.4, 76.2, 76.1, 75.6, 74.6, 73.2, 
73.0, 72.6, 71.5, 71.4, 71.4, 71.1, 70.8, 60.4, 60.4, 60.3, 60.1 HRMS (ESI) calculated 
for C24H39O20N3Na ([M+Na]+): 712.202, found: 712.201 IR νmax/cm-1: 3340 (OH), 
2932 (C-H), 2121 (N3), 1738 (C=O), 1027 (C-O), [α]D
20= + 102.6 (c 1.00, H2O) 
 
β-D-3-ketomaltopentaosyl azide (14)  
β-D-maltopentaosyl azide 6 (58 mg, 0.068 
mmol, 1 eq) was dissolved in DMSO (450 µl, 
0.15 M), before benzoquinone (22 mg, 0.20 
mmol, 3 eq) and [(2,9-dimethyl-1,10-
phenanthroline)-Pd(μ-OAc)]2(OTf)2 (6.8 mg, 
11 µmol, 15 mol%,) were added. The 
reaction was stirred at room temperature till 
complete consumption of starting material (indicated by TLC (eluent: 25% 
H2O/CH3CN)). Upon completion, the reaction mixture was diluted with H2O (15 
ml) and the resulting aqueous solution was purified by charcoal column 
chromatography (3.0% tBuOH/H2O eluted the desired product). The product was 
freeze-dried to yield an off white solid, containing traces of hydroquinone. 
Hydroquinone was removed by washing the product in water with diethyl ether 
to yield 17 mg (0.02 mmol, 30%) of a white solid. 1H NMR (400 MHz, D2O) δ 5.83 
(d, J = 4.7 Hz, 1H), 5.44 – 5.35 (m, 3H), 4.76 (d, J = 8.4 Hz, 1H). 4.66 (d, J = 4.5 Hz, 
1H), 4.46 (d, J = 9.6 Hz, 1H), 4.02 – 3.74 (m, 18H), 3.74 – 3.58 (m, 7H), 3.31 (appt, J 
= 9.0 Hz, 1H). 13C NMR (101 MHz, D2O) δ 207.1, 102.0, 99.5, 99.4, 99.3, 89.8, 76.7, 
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76.7, 76.6, 76.5, 76.3, 76.1, 76.0, 75.6, 74.5, 73.2, 73.1, 72.9, 72.5, 71.5, 71.4, 71.3, 71.0, 
71.0, 70.8, 60.3, 60.3, 60.2, 60.2, 60.1. HRMS (ESI) calculated for C30H49O25N3Na 
([M+Na]+): 874.255, found: 874.253 IR νmax/cm-1: 3339 (OH), 2927 (C-H), 2121 
(N3), 1737 (C=O), 1027 (C-O), [α]D
20= + 105.6 (c 1.00, H2O) 
 
β-D-3-ketomaltohexaosyl azide (15)  
β-D-maltohexaosyl azide 7 (80 mg, 
0.079 mmol, 1 eq) was dissolved in DMSO 
(530 µl, 0.15 M), before benzoquinone (26 
mg, 0.240 mmol, 3 eq) and [(2,9 dimethyl-
1,10-phenanthroline)-Pd(μ-OAc)]2(OTf)2 
(13 mg, 12 µmol, 15 mol%,) were added. The 
reaction was stirred at room temperature till 
complete consumption of starting material (indicated by TLC (eluent: 25 % 
H2O/CH3CN)). Upon completion, the reaction mixture was diluted with H2O (15 
ml) and the resulting aqueous solution was purified by charcoal column 
chromatography (3.75 % tBuOH/H2O eluted the desired product). The product 
was freeze dried to yield an off white solid, containing traces of hydroquinone. 
Hydroquinone was removed by washing the product in water with diethyl ether 
to yield 24 mg (0.024 mmol, 30%) of a white solid. 1H NMR (400 MHz, D2O) δ 5.60 
(d, J = 4.6 Hz, 1H), 5.23 – 5.14 (m, 4H), 4.54 (d, J = 9.1 Hz, 1H), 4.44 (dd, J = 4.7, 1.5 
Hz, 1H), 4.24 (dd, J = 9.6, 1.6 Hz, 1H), 3.78 – 3.53 (m, 22H), 3.52 – 3.38 (m, 10H), 
3.09 (appt, J = 9.0 Hz, 1H). 13C NMR (101 MHz, D2O) δ 207.1, 102.0, 99.5, 99.4, 99.4, 
99.3, 89.8, 76.7, 76.7, 76.7, 76.6, 76.5, 76.3, 76.2, 76.1, 76.1, 76.0, 75.6, 74.5, 73.1, 73.1, 
72.9, 72.5, 71.4, 71.4, 71.3, 71.0, 71.0, 70.7, 69.1, 60.3, 60.3, 60.2, 60.2, 60.2, 60.0 
HRMS (ESI) calculated for C36H59O30N3Na ([M+Na]+): 1036.31, found: 1036.31 IR 
νmax/cm-1: 3340 (OH), 2929 (C-H), 2123 (N3), 1739 (C=O), 1026 (C-O), [α]D
20 = + 
122.4 (c 1.00, H2O) 
 
β-D-3-ketomaltoheptaosyl azide (16)  
β-D-maltoheptaosyl azide 8 (62 mg, 
52.6 µmol, 1 eq) was dissolved in DMSO (350 
µl, 0.15 M), before benzoquinone (17 mg, 158 
µmol, 3 eq) and [(2,9-dimethyl-1,10-
phenanthroline)-Pd(μ-OAc)]2(OTf)2 (8 mg, 8 
µmol, 15 mol%,) were added. The reaction 
was stirred at room temperature till 
complete consumption of starting material (indicated by TLC (eluent: 40% 
H2O/CH3CN)). Upon completion, the reaction mixture was diluted with H2O (5 
ml) and the resulting aqueous solution was purified by charcoal column 




was freeze-dried to yield an off white solid, containing traces of hydroquinone. 
Hydroquinone was removed by washing the product in water with diethyl ether 
to yield 29 mg (24.5 µmol, 47%) of an off-white solid. 1H NMR (400 MHz, CD3OD) 
δ 5.69 (d, J = 4.6 Hz, 1H), 5.32 – 5.22 (m, 5H), 4.63 (d, J = 8.1 Hz, 1H), 4.53 (dd, J = 
4.6, 1.6 Hz, 1H), 4.32 (d, J = 9.8 Hz, 1H), 3.89 – 3.57 (m, 36H), 3.52 (m, 16H), 3.18 
(appt, J = 9.1 Hz, 1H). 13C NMR (101 MHz, CD3OD) δ 207.2, 102.1, 99.5, 99.5, 99.5, 
99.3, 89.8, 76.7, 76.5, 76.4, 76.2, 76.1, 75.6, 74.8, 74.6, 73.2, 73.2, 73.0, 72.6, 71.5, 71.5, 
71.4, 71.1, 71.1, 70.8, 60.4, 60.4, 60.3, 60.3, 60.1 (12 signals are missing due to severe 
overlap). HRMS (ESI) calculated for C42H69O35N3Na ([M+Na]+): 1198.36, found: 
1198.36 IR νmax/cm-1: 3343 (OH), 2924 (C-H), 2119 (N3), 1738 (C=O), 1025 (C-O), 
[α]D
20 = + 120.2 (c 1.00, H2O) 
 
3-keto-sucrose (18) 
Sucrose (62 mg, 0,18 mmol, 1 eq) and benzoquinone (58 mg, 
0.54 mmol, 3 eq) were dissolved in DMSO-d6 (600 µl, 0.3 M) 
and transferred to a NMR tube. T1 was determined followed 
by a start NMR to determine the ratio of DMSO : Starting 
material. [(Neocuproine)PdOAc]2OTf2 (4.7 mg, 4.5 µmol, 2.5 
mol%) was added to the NMR tube, mixed and reacted for 1h. Selectivity towards the 
desired product: 50 % 1H NMR (400 MHz, DMSO-d6) δ 5.60 (d, J = 4.5 Hz, 1H, H1), 4.27 (d, 
J = 4.4 Hz, 1H, H2), 4.14 (d, J = 9.7 Hz, 1H, H4), 3.94 – 3.86 (m, 2H, H3’ + H5), 3.75 – 3.61 
(m, 3H, H4’ + H6), 3.61 – 3.55 (m, 3H, H5’ + H6’), 3.50 – 3.41 (m, 1H, H1a’), 3.40 – 3.32 (m, 
1H, H1b’). 13C NMR (101 MHz, DMSO-d6) δ 206.6 (C3), 104.5 (C2’), 94.5 (C1), 82.8 (C5’), 
76.2 (C3’), 75.6 (C5), 74.2 (C2), 74.1 (C4’), 71.6 (C4), 62.3 (C6’), 61.8 (C1’), 60.4 (C6). 
 
2.4.5 Bis functionalization of protein 
Cu catalysed click reaction on the protein 4-OT 
The alkyne bearing protein 4-OT25 (18 μl of a 0.39 mg/ml solution in 50 mM 
phosphate buffer, pH 8.0) was glycosylated with compound 12 and 16 (0.5 μl of 
a 10 mM solution in water), respectively, in the presence of CuSO4 (0.5 μl of a 40 
mM solution in water), sodium ascorbate (0.5 μl of a 50 mM solution in water) 
and the ligand THPTA (0.5 μl of a 4 mM solution in water). The reaction was 
mixed and left for 16 h at rt. The concentrations of the solutes in the resulting 
solution (20 μl) were as follows: 4-OT, 50 μM; oligomaltoside, 250 μM; CuSO4, 1 
mM; sodium ascorbate, 1.25 mM; THPTA, 100 μM. Subsequently, the samples 
were separated with Tricine SDS-PAGE27 on a 16% gel and visualized with 
Coomassie Brilliant Blue R250 staining (AMRESCO, Solon, OH, USA). 
 
Preconjugation with Biotin followed by click reaction 
Compounds 12 and 16 were incubated each with hydrazide modified biotin 
(glycoside: 10 μl of a 10 mM solution in water and biotin hydrazide: 90 μl of a 55 
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mM solution in DMSO) after thorough mixing by vortexing, for 24 h at rt, to allow 
acyl hydrazone formation.The alkyne bearing protein 4-OT25 (18 μl of a 0.39 
mg/ml solution in 50 mM phosphate buffer, pH 8.0) was glycosylated with the 
biotin bearing compounds 12 and 16 (0.5 μl of a 10 mM solution in water), 
respectively, using copper catalysed alkyne azide cycloaddition (CuAAC). 
Triazole formation was conducted in the presence of CuSO4 (0.5 μl of a 40 mM 
CuSO4 solution in water), sodium ascorbate (0.5 μl of a 50 mM solution in water) 
and the ligand THPTA (0.5 μl of a 4 mM solution in water). The reaction was 
mixed and left for 16 h at rt. The concentrations of the solutes in the resulting 
solution (20 μl) were as follows: 4-OT, 50 μM; oligomaltoside, 250 μM; CuSO4, 1 
mM; sodium ascorbate, 1.25 mM; THPTA, 100 μM. The modified proteins were 
subjected to Tricine SDS-PAGE and subsequently transferred to a PVDF 
membrane for visualisation via ECL. To this end the protein samples were 
separated on a 16% tricine gel, then blotted onto the PVDF membrane (GE 
Healthcare, Wauwatosa, WI, USA) using a Bio-Rad (Hercules, CA, USA) Mini 
Trans-Blot system for wet blotting according to the manufacturer’s protocol. 
Electro blotting was followed by blocking the membrane with 5% non-fat dry 
milk (Sigma-Aldrich St. Louis, MO, USA) in PBS buffer, and then washing 3X for 
10 min each with PBS-T. The membrane was probed with HRP-conjugated 
Streptavidin (ThermoFisher Scientific, Waltham, MA, USA) in 5% non-fat dry 
milk in PBS-T buffer (1:10,000) for one hour at room temperature. The 
chemiluminescence signals were recorded subsequent to washing, 3X for 10 min 
with PBS-T buffer and 2X for 10 min with PBS buffer, using a Bio-Rad ChemiDoc 
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 Chapter 3 
C3 Epimerization of Glucose, via 
Regioselective Oxidation and Reduction 
In this chapter, the scope of the palladium-catalysed oxidation of 
carbohydrates is extended towards reducing carbohydrates. Palladium-
catalysed oxidation is able to single out the secondary hydroxyl group at 
C3 in glucose, circumventing the more readily accessible hydroxyl at C6 
and the more reactive anomeric hydroxyl. Oxidation followed by reduction 
results in net epimerization, yielding either allose or allitol, rare sugars that 
are important in biotechnology. Furthermore, it was demonstrated that N-
acetyl glucosamine is selectively oxidized at C3 also. These results 
demonstrate that glucose and N-acetyl glucosamine, the most readily 
available chiral building blocks, can be versatile substrates in 
homogeneous catalysis. 
This chapter is adapted from the original publication: 
Jumde, V. R.*; Eisink, N. N. H. M.*; Witte, M. D.; Minnaard, A. J. J. Org. 





Glucose, an aldohexose, is arguably the most important monosaccharide 
because it is used in respiration to provide energy for cells. Of the 16 
stereoisomeric aldohexoses, only D-glucose, D-mannose, and D-galactose (Figure 
1) are readily available. The others, and in particular most L-sugars, are rare or 
do not occur as such in nature.1 As a consequence, the properties of most of these 
rare aldohexoses have not been studied extensively, although these could be of 
importance in chemical biology and pharmacy as mimics of the commonly 
occurring aldohexoses. Some rare sugars have been obtained by selectively 
epimerizing asymmetric centres in other monosaccharides. This field, in which 
readily available hexoses are interconverted into the desired rare hexose, is 
largely the realm of enzyme catalysis, applying a highly versatile but limited set 
of transformations.2 Important biotechnological processes are, for instance, the 
conversion of glucose into fructose and the conversion of fructose into psicose 
(Figure 1).3 The possible enzymatic interconversions of the hexoses have been 
beautifully represented in the so-called Izumoring, a scheme that relates all 
aldohexoses, 2-ketohexoses, and hexitols.4 From this scenario, it becomes 
apparent that many of these hexoses are not readily accessible using the currently 
known enzymatic transformations. Chemical interconversion of hexoses 
provides a viable alternative to these enzymatic transformations. On a lab scale,  
 
 
Figure 1. A: Mutarotation in glucose. B: Most readily available monosaccharides. 
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this has been performed for several hexoses using (multistep) synthetic 
procedures involving protection–deprotection strategies.5 Depending on the 
target sugar, this approach can be elegant and efficient, as shown by recent work 
of Fleet, Jenkinson, and Kanai.6–8 Surprisingly, however, homogeneous catalysis 
has refrained from this field entirely. This is rather surprising as several of the 
reactions used by enzymes to interconvert hexoses, in particular oxidation and 
reduction, are studied intensively in transition metal catalysis and 
organocatalysis.9–12 
With a focus on oxidation, the main challenge clearly is to single out a 
particular hydroxyl group, as the number of hydroxyl groups in carbohydrates 
closely equals the number of C–H bonds. The selective oxidation of the primary 
hydroxyl function in pyranoses and furanoses can often be achieved with 
reasonable selectivity by exploiting the limited steric hindrance compared to the 
secondary hydroxyl groups.13–15 The anomeric hydroxyl group on the other hand 
is readily oxidized selectively in the presence of both primary and secondary 
hydroxyl groups because of its lower pKa value, like in the classic oxidation with 
bromine.16 This leaves the very similar secondary hydroxyl groups in the case of 
glucopyranosides. The group of Waymouth has shown that certain palladium 
catalysts can effectively discriminate between primary and secondary hydroxyl 
groups, preferentially oxidizing the secondary hydroxyl group.17,18 On this basis, 
we demonstrated the highly regioselective oxidation of glucopyranosides, 
thereby expanding the selectivity to the differentiation among secondary 
hydroxyl groups.19 Oxidation takes place at the C3 position to provide the 
corresponding 3-keto sugars. The method was shown to be effective as well for 
the disaccharides maltose and cellobiose, and as described in Chapter 2, even for 
oligomaltoses up to the 7-mer.20 Waymouth and co-workers recently revealed 
that 6-deoxyglycosides like L-rhamnopyranosides and L-fucopyranosides and 
pentoses like D-xylopyranosides and D-arabinopyranosides are selectively 
oxidized by these catalysts as well.21 Invariably, glycosides have been used as 
substrates with the anomeric centre as part of an acetal to avoid oxidation of the 
anomeric alcohol and to lock the equilibrium in one anomeric form. Glucose 
itself, being a so-called reducing sugar, consists of a mixture of the α- and β-
anomer in aqueous solution, together with small amounts of furanoses and the 
inferred open form (Figure 1A). In attempts to selectively oxidize glucose at a 
secondary hydroxyl position, one therefore has to cope not only with the reactive 
anomeric hydroxyl group (C1-OH) and the more accessible primary hydroxyl 
group (C6-OH) but also with a potentially complex equilibrium. However, we 
realized that the palladium-catalysed selective oxidation of glucose would be 
worth pursuing, as it would silence the common opinion that unprotected, 




3.2 Results and discussion 
3.2.1. Regioselective oxidation of reducing glucosides 
Based on the hypothesis that the palladium catalyst oxidizes a trans diol 
with an increased rate (this hypothesis was later proven to be incomplete, see 
Chapter 5), we reasoned that α-glucose would show either slower, or no 
oxidation of the anomeric position because it bears a cis diol at the C1-C2 position. 
α-Glucose is readily available, as it is the preferred conformer upon 
crystallization, it would make an excellent substrate for the oxidation reaction. 
Equilibration (mutarotation) of α-glucose results in the formation of β-glucose, 
which does possess a trans diol at the anomeric centre and hence is likely to be 
efficiently oxidized to the corresponding gluconolactone (vide infra). To 
successfully oxidize glucose, we therefore concluded that it is essential to 
suppress mutarotation during the oxidation reaction. This process is rapid in 
protic solvents, e.g. water, and is catalysed by both acid and base.22,23 To our 
delight, α-glucose turned out to be stable in DMSO, not showing notable 
mutarotation at room temperature over several hours.24,25 Apparently, the 
hydroxyl groups of the glucose itself are not sufficient to catalyse mutarotation 
to an appreciable extent, even at a glucose concentration of up to 1.5 M. In that 
event, it turned out that α-glucose 1 is rapidly and with excellent selectivity 
oxidized at C3 with [(neocuproine)PdOAc]2OTf2 and benzoquinone as a co-
oxidant in DMSO. By NMR, no gluconolactone (the product resulting from 
oxidation at the anomeric centre) could be detected. The reaction is exceptionally 
fast, reaching full conversion within 1 h. Optimization of the catalyst loading 
showed that catalyst loadings as low as 0.5 mol% still gives full conversion within 
1 h (see Scheme 1). Even a catalyst loading of 0.05 mol% resulted in 95% 
conversion after 1 h (see Table 1). It is remarkable that the involved chelation 
control of the catalyst overrules both the better accessibility of the primary 
hydroxyl group and the enhanced reactivity of the anomeric hydroxyl group. 
Only prolonged reaction times at elevated temperatures induced further 
oxidation of the product at the anomeric centre (vide infra). 
 
 
Scheme 1. Reaction conditions: [(neocuproine)PdOAc]2OTf2 (0.5 mol%), benzoquinone 
(1.25 equiv), 1.5 M in DMSO, r.t., 1 h. 
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Table 1. Optimization of the reaction conditions for  
the oxidation of D-glucosea 
 
Entry Pd-cat mol% BQ (equiv) Conc. Conv. in 1 h 
1 2.5 3 0.3 M 100% 
2 0.5 3 0.3 M 100% 
3 0.5 3 1.5 M 100% 
4 0.5 2 1 M 100% 
5 0.5 1.5 1 M 100% 
6 0.5 1.25 1.5 M 100% 
7 0.5 1.1 1.5 M 96% 
8 0.25 1.5 1 M 94% 
9 0.25 1.25 1.5 M 94% 
10 0.1 1.25 1.5 M 94% 
11 0.05 1.25 1.5 M 95%b 
a: Reaction conditions: α-D-glucose (1 mmol), [(neocuproine)PdOAc]2OTf2 (x mol%), 
benzoquinone (BQ) (y equiv), DMSO-d6 (z M), x, y and z are as given in the table, the reaction 
was carried out at rt for the indicated time. b: conversion reported after 2 h based on the ratio 
in 1H-NMR 
To determine whether α-glucose is unique in this reaction, we applied N-acetyl-
α-D-glucosamine 2 in the same reaction and obtained the same highly selective 
oxidation at the C3 position. (see Scheme 1) To confirm our hypothesis that 
oxidation of α-glucose is selective because of the axial hydroxyl group at the 
anomeric centre, we also studied the oxidation of β-glucose 5, which can be 
obtained by crystallization of glucose from pyridine.26 Because the anomeric 
hydroxyl group is now in an equatorial position, we predicted oxidation at this 
centre. In the palladium-catalysed oxidation reaction, we indeed observed a 
mixture of products, likely formed by oxidation at either C3 or C1. In an attempt 
to drive the reaction to the doubly oxidized product, the reaction mixture was 
heated to 40 °C for a prolonged time (∼12 h). Although one product was indeed 
formed, it turned out not to be the expected ketolactone! In addition, prolonged 
reaction times and elevated temperatures in the oxidation of both α-glucose and 
gluconolactone, in the presence of excess benzoquinone, led selectively to the 
same compound. Initially, extensive NMR studies did not provide a conclusive 





Scheme 2. Oxidation of β-D-glucose leads to rearranged bislactone 10. 
Upon oxidation of glucose-13C6, the 1H and 13C NMR spectra in combination with 
two-dimensional NMR techniques led unambiguously to compound 10 (Scheme 
2). Apparently, ketolactone 6 is formed but rapidly tautomerizes to the 
corresponding enediol 7, which in turn is rapidly oxidized to diketolactone 8. 
This intermediate subsequently undergoes intramolecular lactol formation 
followed by α-ketol rearrangement leading to 10 (Scheme 2). None of the 
intermediate stages could be observed by NMR. Although 10 as such has not 
been described in the literature, products of this α-ketol rearrangement in 
pyranoses have been reported and the skeleton is present in the antibiotic 
ashimycin A.27–30  
 
3.2.2. Reduction 3-keto-glucose 
To study the implications of this regioselective oxidation of α-D-glucose 
on the interconversion of hexoses, we aimed to reduce 3-ketoglucose with 
sodium borohydride to D-allose. Noteworthy is the fact that the synthesis of this 
rare sugar currently takes several steps.2 Treatment of aqueous solutions of the 
parent carbohydrate glucose with sodium borohydride is used to produce 
glucitol (sorbitol), as the minute amount of the open form, the aldehyde, is 
rapidly reduced.31 In the reduction of α-D-3-ketoglucose to D-allose, the reduction 
of the open form has to be effectively suppressed as both the starting material 3-
ketoglucose and the product allose are vulnerable to the reduction of the open 
form. In addition, the axial hydroxyl group at the anomeric centre is required to 
induce the desired stereoselectivity in the reduction of the keto group by 
hampering the approach of the borohydride from the bottom face.  
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Table 2. Optimization reducing agent 
 
Entry Reducing Agent Co-solvent 
Selectivity to  
alloseb [%] 
1 NaBH4 H2O 62 
2 Na(OMe)3BH MeOH 62 
3 K(O-iPr)3BH THF 66 
4 NaCNBH3 THF: MeOH 70 
5 K(OtBu)3BH THF 61 
6 LS-selectride THF 92 
a: 3-keto-α-D-glucose prepared according to the experimental procedure, DMSO diluted with 
co-solvent (1:2, co-solvent: DMSO). 3 equiv of “hydride” was added. Allowed to react for 2 h, 
b: Selectivity determined by 1H-NMR. 
 
Any mutarotation to the β-anomer would eradicate this stereoselectivity. We 
were pleased to see that treatment of the crude 3-ketoglucose in DMSO with an 
aqueous solution of sodium borohydride at 0 °C cleanly effected the reduction. 
The resulting 3:2 mixture of allose and glucose could be effectively separated by 
chelation chromatography on a calcium-loaded ion exchange resin affording 
pure D-allose in 54% yield from glucose over just two steps.32–35 The ratio of allose 
to glucose was somewhat disappointing as we had shown that this reduction 
performed on 3-keto α-methyl glucoside produces α-methyl alloside with high 
selectivity.19 Variation of the reducing agent (see Table 2) showed that the bulky 
LS-selectride produces D-allose in high selectivity, though at the expense of a 
more complicated workup and purification.  
With these results in hand, a two-step, one-pot conversion of glucose to 
allitol was envisioned. Allitol and galactitol (dulcitol), being meso compounds, 
play a central role in Izumoring as the bridges between D- and L-hexoses. 
Currently, allitol is produced by a combination of enzymatic transformations 
(Figure 2).36,37 The envisioned chemical method for interconverting glucose to 
allitol not only would be a drastic shortcut in the Izumoring scheme but also 
would demonstrate that homogeneous catalysis is complementary to the existing 
biotechnological methods and can be used to fill blank spots in the Izumoring. 
Treatment of the crude 3-ketoglucose with aqueous sodium borohydride at room 





Scheme 3. Reaction conditions: A: NaBH4 (0.75 equiv), DMSO/H2O (1:1), 0 °C B: LS-Selectride 
(3 equiv), DMSO/THF (2:1), 0 °C. C: NaBH4 (6 equiv), DMSO/H2O (1:1), r.t. 12 h. 
which allitol was readily purified by calcium chelation chromatography. This 
synthesis of allitol from glucose in a two-step, one-pot sequence is more efficient 
than the current enzymatic route. Furthermore, with LS-selectride as the 
reducing agent, up to 90% selectivity for allitol would be obtained.  
 
 
Figure 2. Relevant sections of the Izumoring overview of enzymatic conversion of 
carbohydrates. Chemical conversion of D-glucose to D-allose and allitol via 3-keto-glucose 
highlighted in green. 




Apart from the conversion into platform chemicals, the field of transition 
metal catalysis has kept its distance from unprotected carbohydrates as 
substrates for selective transformations. We show that in addition to 
biotechnology, homogeneous catalysis can make an important contribution to 
the selective conversion and interconversion of unprotected carbohydrates. This 
is demonstrated in the palladium-catalysed regioselective oxidation of glucose 
and N-acetylglucosamine. Chelation control overrules in this case both steric 
hindrance and the reactivity of the anomeric hydroxyl group. Subsequent 
reduction under controlled conditions leads directly to either allose or allitol. 
This strategy provides grounds for not only the straightforward synthesis of rare 
sugars but also their potential applications in chemical biology. 
 
3.4 Experimental Section 
3.4.1 General information 
Solvents and Reagents 
All solvents used for reaction, extraction, filtration and chromatography were of 
commercial grade and used without further purification. 
[(Neocuproine)PdOAc]2OTf2 was prepared according to the literature 
procedure.38  
 
3.4.2 Purification: General method for ion exchange chromatography 
Exchange of the resin with Ca2+ 
Dowex 50WX8 (200–400 mesh) resin in the H+ or Na+ form was exchanged to the 
Ca2+ form by stirring the resin with 4 M aqueous CaCl2 (3 mL per gram of resin) 
for at least 3 h. The aqueous layer was decanted, and the resin was washed with 
water and decanted once more. This washing step was repeated until there was 
a negative result for chlorides in the aqueous layer with AgNO3 (1 M). 
 
General Procedure for the Ion Exchange Column 
Dowex 50WX8 (200–400 mesh) in the Ca2+ form was loaded into a thin and long 
cylindrical glass column (column diameter of 3.2 cm, filled to 24 cm). The crude 
material was loaded in 1–2 mL of water on top of the column and eluted with 
water. Fractions were collected every 1.5–2.0 mL with a FRAC-100 fraction 







For Separation of Glucose and Allose 
Glucose elutes first, followed by allose. Fractions were collected roughly on the 
basis of the intensity of the spots on the TLC sample stained with anisaldehyde. 
 
For Separation of Sorbitol and Allitol 
Allitol elutes first followed by sorbitol. TLC separation is visible between allitol 
and sorbitol (20% H2O/acetonitrile as TLC eluents). 
 
3.4.3. Synthesis procedure 
3-Keto-α-D-glucose (3) 
To a mixture of α-D-glucose 1 (35 mg, 0.19 mmol, 1 equiv) and 
benzoquinone (60 mg, 0.58 mmol, 3 equiv) in DMSO-d6 (650 μL, 
0.3 M) was added [(2,9-dimethyl-1,10-phenanthroline)-Pd(μ-
OAc)]2(OTf)2 (5 mg, 45 μmol, 2.5 mol%). The reaction mixture was left at rt for 30 
min. The product was left crude and characterized by NMR: 1H NMR (400 MHz, 
DMSO-d6) δ 5.30 (d, J = 4.1 Hz, 1H), 4.21 (dd, J = 4.2, 1.5 Hz, 1H), 4.06 (dd, J = 9.7, 
1.6 Hz, 1H), 3.74 (ddd, J = 9.6, 4.7, 1.9 Hz, 1H), 3.68 (dd, J = 11.8, 2.0 Hz, 1H), 3.61 
(dd, J = 11.9, 4.7 Hz, 1H); 13C NMR (101 MHz, DMSO-d6) δ 207.2, 95.3, 75.3, 75.1, 
72.2, 61.0. 
Characterization matches the literature.39 
 
D-Allose (11) from 3-keto-α-D-glucose (3) 
To a mixture of α-D-glucose 1 (120 mg, 0.67 mmol, 1 equiv) and 
benzoquinone (90 mg, 0.83 mmol, 1.25 equiv) in DMSO (450 μL, 
1.5 M) was added [(2,9-dimethyl-1,10-phenanthroline)-Pd(μ-
OAc)]2(OTf)2 (3.5 mg, 3.33 μmol, 0.5 mol%). The reaction mixture was stirred at 
rt for 1.5 h. Upon complete conversion (monitored by TLC, eluent 20% 
H2O/acetonitrile, or 1H NMR), the reaction mixture was directly used for the 
successive reduction step. The reaction mixture was diluted with water (2:1 
DMSO/H2O solvent). A cold solution of NaBH4 (19 mg, 0.5 mmol, 0.75 equiv) in 
water (225 μL) was added dropwise to the reaction mixture at 0 °C and the 
solution stirred for 1.5 h. When the reaction showed complete conversion as 
indicated by TLC, methanol and acetone (1:1, 2 mL) were added to quench the 
reaction. The reaction mixture was concentrated in vacuo, and the remaining 
DMSO was diluted with dichloromethane to the point of precipitation. To this 
suspension was added activated charcoal (1 g); the solution was filtered, and the 
charcoal was washed multiple times with dichloromethane until TLC indicated 
complete elution of the DMSO. Upon complete elution of DMSO, the charcoal 
was dried with a stream of air, and water was added to elute off the products. 
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Concentration in vacuo resulted in a mixture of 11 and 1. The mixture was further 
purified on an ion exchange column [Dowex DVB WX8 Ca2+ (180 g of dry resin)] 
and resulted in pure allose (65 mg, 0.36 mmol, 54%): 1H NMR (400 MHz, D2O) 
(assignment of the major configuration, β-D-allose) δ 4.89 (d, J = 8.2 Hz, 1H), 4.17 
(t, J = 3.0 Hz, 1H), 3.89 (dd, J = 12.1, 2.0 Hz, 1H), 3.83–3.76 (m, 1H), 3.70 (dd, J = 
12.0, 5.9 Hz, 1H), 3.64 (dd, J = 10.0, 2.9 Hz, 1H), 3.42 (dd, J = 8.3, 3.0 Hz, 1H) 13C 
NMR (101 MHz, D2O) (assignment of the major configuration, β-D-allose) δ 94.2, 
74.4, 72.0, 71.9, 67.5, 61.9. 
Characterization matches the literature.40 
 
Allitol (12) from 3-keto-α-D-glucose (3) 
To a mixture of α-D-glucose 1 (120 mg, 0.666 mmol, 1 equiv) and 
benzoquinone (90 mg, 0.833 mmol, 1.25 equiv) in DMSO (450 μL, 
1.5 M) was added [(2,9-dimethyl-1,10-phenanthroline)-Pd(μ-
OAc)]2(OTf)2 (3.5 mg, 3.33 μmol, 0.5 mol%). The reaction mixture was stirred at 
rt for 1.5 h. Upon complete conversion (monitored by TLC, eluent 20% H2O/ACN, 
or 1H NMR), the reaction mixture was directly used for the successive reduction 
step. To this end, the reaction mixture was diluted with water (2:1 DMSO/H2O 
solvent). A cold solution of NaBH4 (150 mg, 4 mmol, 6 equiv) in water (1 mL) was 
added dropwise to the reaction mixture at 0 °C and stirred for 18 h. When the 
reaction showed complete conversion as indicated by TLC, methanol and acetone 
(1:1, 2 mL) were added to quench the reaction. The reaction mixture was 
concentrated in vacuo. The residue in DMSO was diluted with dichloromethane 
to the point of precipitation. To this suspension was added activated charcoal (1 
g); the solution was filtered, and the charcoal was washed multiple times with 
dichloromethane until TLC (20% H2O/ACN) indicated complete elution of the 
DMSO. Upon complete elution of DMSO, the charcoal was dried with a stream 
of air, and water was added to elute the product. Concentration in vacuo resulted 
in a mixture of allitol 12 and sorbitol 13. The mixture was separated on an ion 
exchange column [Dowex DVB WX8 Ca2+ (180 g of dry resin)] and resulted in 
pure allitol 13 (76 mg, 0.419 mmol, 62%) (contains ∼40% DMSO by NMR 
integration, isolated yield corrected for the presence of DMSO): 1H NMR (400 
MHz, D2O) δ 3.92–3.84 (m, 2H), 3.82–3.73 (m, 4H), 3.69–3.58 (m, 2H) 13C NMR 
(101 MHz, D2O) δ 73.0, 72.8, 63.0. 






Oxidation of D-Glucose-13C6 
 To a mixture of D-glucose-13C6 (34 mg, 0.18 mmol, 1 equiv) and 
benzoquinone (58 mg, 0.54 mmol, 3 equiv) in DMSO-d6 (600 μL, 
0.3 M) was added [(2,9-dimethyl-1,10-phenanthroline)-Pd(μ-
OAc)]2(OTf)2 (4.7 mg, 45 μmol, 2.5 mol%). The reaction mixture was 
left at 40 °C for 4 h. The product was left crude, and the structure was elucidated 
by NMR: 1H NMR (400 MHz, DMSO-d6) (decoupled for 13C) δ 4.97 (d, J = 5.2 Hz, 
1H, H5), 4.66–4.58 (m, 2H, H6a + H4), 4.44 (d, J = 12.2 Hz, 1H, H6b); 13C NMR (101 
MHz, DMSO-d6) δ 171.2 (dd, J = 55.0, 1.6 Hz, C1), 166.2 (d, J = 51.4 Hz, C3), 79.9 
(ddd, J = 54.9, 51.5, 36.5 Hz, C2), 78.9 (appt, J = 35.0 Hz, C5), 71.6 (appt, J = 35.9 
Hz, C4), 70.2 (d, J = 35.0 Hz, C6); HRMS (ESI) calcd for C6H7O6 [M + H]+ m/z 
175.024, found m/z 175.024 
 
Oxidation of N-Acetyl-α-D-glucosamine (4) 
To a mixture of N-acetyl-α-D-glucosamine (40 mg, 0.18 mmol, 
1 equiv) and benzoquinone (58 mg, 0.54 mmol, 3 equiv) in DMSO-
d6 (600 μL, 0.3 M) was added [(2,9-dimethyl-1,10-phenanthroline)-
Pd(μ-OAc)]2(OTf)2 (4.7 mg, 45 μmol, 2.5 mol%). The reaction 
mixture was left at rt for 1.5 h. The crude product was 
characterized by NMR: 1H NMR (400 MHz, DMSO-d6) δ 7.92 (d, J = 8.2 Hz, 1H), 
5.34 (d, J = 4.0 Hz, 1H), 4.69 (ddd, J = 8.2, 4.0, 1.3 Hz, 1H), 4.15 (dd, J = 9.7, 1.3 Hz, 
1H), 3.82 (ddd, J = 9.6, 4.7, 2.0 Hz, 1H), 3.70 (dd, J = 11.9, 2.1 Hz, 1H), 3.64 (dd, J = 
11.9, 4.7 Hz, 1H), 1.92 (s, 3H) 13C NMR (101 MHz, DMSO-d6) δ 204.0, 169.8, 93.8, 
75.3, 72.5, 61.0, 59.5, 22.4. 
Characterization matches the literature.42 
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Chapter 4 
Regioselective Carbohydrate Oxidations, an 
NMR Study on Selectivity, Rate and Side-Product 
Formation 
Palladium/neocuproine catalysed oxidation of glucosides shows an 
excellent selectivity for the C3-OH, but in mannosides and galactosides, 
unselective oxidation was initially observed. For further application in 
more-complex (oligo)saccharides, a better understanding of the reaction, 
in terms of selectivity and reactivity, is required. Therefore, a panel of 
different glycosides was synthesized, subjected to palladium/neocuproine 
catalysed oxidation and subsequently analyzed by qNMR. Surprisingly, all 
studied glucosides, mannosides, galactosides, and xylosides show 
selective oxidation of the C3-OH. However, subsequent reaction of the 
resulting ketone moiety is the main culprit for side product formation. 
Measures are reported to suppress these side reactions. Furthermore, it 
was observed that glucosides oxidize with an increased rate compared to 
glycoside bearing an axial substituent. This observation may be exploited 
for the selective oxidation of complex oligosaccharides. 
This chapter is adapted from the original publication: 





Monosaccharides, oligosaccharides, and polysaccharides are involved in 
a large variety of biological processes, such as cellular transport, cell–cell 
interactions and immunology. They are also important structural components, 
for example, the cell wall of bacteria and plants and the exoskeleton of insects 
consist of a large part of polysaccharides.1 In glycochemistry, molecularly well-
defined carbohydrates are synthesized from a relatively limited set of readily 
available monosaccharides (Figure 1) to study these biomolecules and the 
processes in which they are involved.2,3 Monosaccharides and oligosaccharides 




Figure 1. An overview of various common glycopyranoses.  
The field of glycochemistry traditionally relies heavily on protecting 
group manipulations to single out one of the hydroxyl functionalities, but the 
attention has recently broadened to the development of protection group-free 
synthesis routes.5 These studies have led to methods that enable the selective 
functionalization of the primary or the anomeric hydroxyl group of reducing 
saccharides. Activating agents, such as 2-chloro-1,3-dimethylimidazolinium 
chloride (DMC) and 2-chloro-4,6-dimethoxy-1,3,5-triazine, react selectively with 
the anomeric hydroxyl group of monosaccharides and oligosaccharides. 
Sequential nucleophilic substitution with azides, alcohols, and thiols readily 
converts the resulting reactive intermediates to glycosyl azides, glycosides and 
thioglycosides.6–8 Modification of the primary hydroxyl group is relatively 
straightforward by reacting the glycoside with bulky reagents.9,10 
Methods to selectively functionalize one of the secondary hydroxyl 
groups are still limited.11–13 Current research mainly focuses on regioselective 
acylation and silylation. Recently, the group of Kawabata has shown the 
application of these regioselective acylations in the elegant synthesis of 
ellagitannins, glucoside esters of gallic acid, and hexahydroxy phenoic acid.14,15 
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These regioselective acylation/silylation methods have been thoroughly 
reviewed recently.5,16 We reported on the regioselective oxidation of glucosides 
using Waymouth’s palladium catalyst,17,18 [(neocuproine)PdOAc]2OTf2, in the 
presence of 3 equiv of benzoquinone and showed that glucopyranosides give 
selective oxidation of the C3-OH.19 For differently configured substrates such as 
methyl β-D-galactopyranoside, methyl α-D-mannopyranoside, and methyl α-D-
xylopyranoside (for the structures of the parent pyranoses, see Figure 1), 
unselective oxidation was observed. We recently expanded on this work and 
showed that the reducing carbohydrates α-D-glucopyranose and N-acetyl α-D-
glucosamine also are selectively oxidized with the catalytic system (see 
Chapter 3).20 The C3-OH is oxidized, while the more readily accessible hydroxyl 
at C6 and the more reactive anomeric hydroxyl do not react primarily under these 
conditions. Waymouth and co-workers recently showed that 6-deoxy-
glycopyranosides, i.e. xylopyranosides and arabinopyranosides (for the 
structures of the parent pyranoses, see Figure 1) also can be oxidized selectively 
with [(neocuproine)PdOAc]2OTf2 by reducing the amount of benzoquinone to 1.5 
equiv or using oxygen as a co-oxidant.21 Even substrates that contain an axial 
alcohol give the 3-ketoglycoside as the major product, with methyl α-L-
fucopyranoside being the exception. In that case, the C4 ketone was also observed 
in a 1:1 ratio, together with the C3-keto product. Moreover, 1,6-anhydromannose 
and 1,6-anhydrogalactose can be oxidized selectively using these conditions. 
Palladium-catalysed regioselective oxidation is also feasible on 
disaccharides and oligosaccharides. We revealed that the methyl 
glucosylglucosides, cellobiose and maltose,19 and (1→4)-oligoglucosides, up to 
the heptamer, can be oxidized using our methodology (see Chapter 2).22 
Oxidizing these substrates with the catalyst results in selective oxidation of the 
C3-OH of the terminal glucose residue at the nonreducing end of the (1→4)-
linked glucans (Figure 2).  
The scope of oligosaccharides used in these oxidation reactions has been 
largely limited to oligoglucosides and before the method can be extended to other 
(more) complex oligosaccharides, three important questions need to be 
addressed, namely, 
 
(1)  why does oxidation occur exclusively at the terminal glucose residue of 
(1→4)-linked glucans, 
(2) why is the oxidation of galactopyranosides and mannopyranosides (that 





(3) is there a difference in oxidation rate for differently configured 
substrates, since this is a potential tool for selective oxidation in complex 
oligosaccharides. 
 
One hypothesis for the exquisite terminal selectivity in the oxidation of (1→4)-
linked glucans is that the 3-OH of the terminal glucose residue is sterically less 
congested than the 3-OH of the internal glucose residues. An alternative 
hypothesis is that a free C4-OH is essential for chelation with the catalyst. By 
monitoring the oxidation of protected 4-OH and 4-deoxyglucosides, it should be 
possible to assess which of these hypotheses is valid. Bulky protecting groups 
will block chelation and introduce steric hindrance, while deoxygenation of the 
C4 of methyl glucoside will only affect chelation. Previously, we also employed 
this deoxygenation strategy to demonstrate that the C2-OH is not essential to 
direct the oxidation to the 3-position.19 
For the second question—why mannosyl and galactosyl derivatives are 
nonselectively oxidized—we originally hypothesized that the presence of an 
axial hydroxyl group at the C2 or the C4 position results in oxidation of these 
positions as well. However, the recent observation by Waymouth and co-workers 
that conformationally locked 1,6-anhydromannopyranose and 1,6-
anhydrogalactopyranose are selectively oxidized at the C3 position revealed that 
probably not the substitution pattern but other factors, such as the stability of the 
product, influence the outcome of the reaction. 
To study these hypotheses and to determine the difference in reactivity of the 
various glycosides, we synthesized a panel of glycopyranosides and studied their 
behavior in individual oxidation reactions, as well as competition experiments 
with the benchmark substrate methyl α-D-glucopyranoside 1. In this chapter, the 
results of these studies will be discussed. 
 
 
Figure 2. Regio- and chemoselective oxidation of the terminal glucoside residue in azido-β-D-
ketomaltoheptaoside. 
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4.2 Results and discussion 
Previous experience revealed that, because of the water solubility of the 
products and the difficulties encountered in their purification, there is no reliable 
relationship between the selectivity in the oxidation and the isolated yield of the 
product. To circumvent this issue and define a reasonably accurate method to 
determine the selectivity in the oxidation, we decided to monitor the reactions by 
qNMR.23,24 Using the residual solvent signal as the internal standard, we could 
both monitor the conversion to the product and characterize the product in one 
operation. Methyl α-D-glucopyranoside 1 (Table 1, entry 1) was used as a test 
substrate for this method. Under the reaction conditions for the NMR 
experiment; 2.5 mol % of palladium catalyst and 3 equiv of benzoquinone in 
DMSO-d6 (0.3 M), 1 was fully converted within 1 h with 86% selectivity toward 
the desired product.25 This NMR yield was confirmed by repeating the NMR 
experiment using tetrachloronitrobenzene (TCNB) or mesitylene as an internal 
standard; in both cases, an NMR yield of 86% was obtained, while no other 
products were observed by 1H NMR. Although this yield is somewhat lower than 
obtained on a preparative scale with the reported optimized conditions,19 we 
decided to continue performing the reactions under the given NMR conditions. 
Having established this qNMR analysis method, we applied it to several 
C4-OH modified glucosides (please note that, in all cases, unless otherwise 
stated, the given product is the only identifiable product, with an estimated 
detection limited of 3%). Oxidation of 4-benzoyl glucopyranoside 3 (Table 1, 
entry 2) gave the expected 3-keto product 4 with 78% selectivity, indicating that 
the presence of a free C4-OH is not a prerequisite for selective oxidation of the 
C3-OH. To mimic oxidation of internal glucose residues of (1→4)-glucans more 
closely, we synthesized C4-OH THP-protected derivative 5. The THP protecting 
group at C4, in this case, closely resembles the terminal glucosyl residue at the 
nonreducing end, but without its hydroxyl groups. As expected, two 
 




Table 1. Selective oxidation of C4-modified glucosides.a 
















Reaction conditions: 2.5 mol% of [(neocuproine)PdOAc]2OTf2, 3 equiv of benzoquinone, 0.3 M 
in DMSO-d6. Selectivity determined by qNMR using the residual DMSO-d6 as an internal 
standard. a Unless otherwise stated, no other products could be assigned by 1H-NMR, with an 
estimated detection limit of 3%. b Incomplete conversion, 72% conversion of starting material. 
Selectivity calculated according to this conversion. c Performed with 1 equiv of benzoquinone. 
d Incomplete conversion, 68% conversion of starting material. Selectivity calculated according 
to this conversion. 
 
diastereomers were formed upon THP protection, but the diastereomers could 
be separated and the stereochemistry of the major diastereomer was identified 
by X-ray analysis (see Figure 3).26 It turned out to have the configuration as 
depicted in Table 1, entry 3. Derivative 5 was oxidized at the C3 position with 
70% selectivity. The observation that the bulky THP group at the C4-OH did not 
block oxidation demonstrates that palladium-catalysed oxidation of internal 
glucose residues of 1,4-glucans is, as such, feasible. Therefore, this suggests that 
a difference in reaction rate, rather than a complete shielding of the internal C3-
OH positions caused the selectivity for oxidation of the terminal residue in 
diglucosides and oligoglucosides. To validate this, a one-to-one mixture of 
methyl α-D-glucopyranoside (1) and THP-protected glucopyranoside 5 was 
subjected to the oxidation reaction, using half an equivalent of benzoquinone, 
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with respect to the total amount of glycoside. qNMR analysis confirmed that 
methyl α-D- glucopyranoside (1) is indeed preferentially oxidized over THP 
derivative 5 (product ratio 3-ketoglucopyranoside  2: 4-THP-3-
ketoglucopyranoside 6 = 4 : 1; see Figure 4). Apparently, bulky groups on the C4-
OH do not influence the selective oxidation at C3, however they do have a 
considerable effect on the reaction rate. To dissect if the reduced reaction rate is 
caused by the inability to chelate to the C4-OH or by the steric effects of the THP 
group, methyl 4-deoxyglucopyranoside 7 was synthesized.27 Upon oxidation of 
7 with the palladium catalyst in the  
Figure 4. Zoom of the competition experiment C4-THP/glucose. ∆ = methyl α-D-glucoside ▪ = 
C1-glucose of C4-THP-glucoside • = C1-THP of C4-THP-glucoside □ = 3-keto-glucoside ◊ = 
C1-glucose of 3-keto-C4-THP-glucoside. 
presence of 3 equiv of benzoquinone, the 1H NMR spectrum after 1 h revealed 
that (i) all C4-deoxy 7 had been consumed and (ii) at least two new products 
(Figure 5, 1 h) had been formed. Oxidation of the C3-OH of glucosides typically 
results in a downfield shift of H2 and H4 in the 1H NMR,28 this downfield shift 
was however not observed for any of the products. Allowing the reaction to 
proceed for 24 h led to an increase in one of the products at the expense of the 
other one (Figure 5, 24 h). The 13C NMR and 1H NMR spectra of this major 
product showed 
      ▪        ∆       • 
 □   
            ▪                     • 
     ◊                                                   ∆                  





Figure 5. Batchwise oxidation of C4-deoxy (7) 1 h = 1 equiv of benzoquinone 24 h = 3 equiv of 
benzoquinone. 
similarities to the lactone product obtained in the oxidation of β-glucopyranose 
as in Chapter 3.20 We observed very distinct diastereotopic protons for the 
exocyclic CH2 group and small coupling constants, indicating that rearranged 
product 8 is formed over the course of the reaction. The signals at 172 and 77 ppm 
in the 13C NMR spectrum, which are indicative for the ester carbonyl and the 
tertiary alcohol, further confirmed that compound 8 had been obtained. Based on 
the results obtained in the oxidation of glucose, we propose that the formation of 
lactone 8 follows a similar mechanism (Scheme 1). Oxidation at C3 (9) is followed 
by intramolecular lactol formation (10). Sequential oxidation at C2 (11) and 
subsequent α-ketol rearrangement results in lactone 8. This is apparently 
facilitated by the absence of an equatorial hydroxyl group at the C4 position, 
since the rearrangement had not been observed for any of the methyl α-D-
glucopyranosides used in the oxidation reaction thus far. Based on this 
mechanism, the second species that is observed after 1 h and slowly converted 
to 8, should belong to one of the intermediates (Scheme 1). The absence of a signal 
for H2, in combination with the long-range J-coupling and the diastereotopic 



















Scheme 1. Mechanism of the rearrangement taking place in the oxidation of methyl 4-deoxy 
glucose 7. 
The key steps in this sequence are the formation and subsequent oxidation of the 
hemiacetal intermediate and, therefore, we reasoned that its formation might be 
suppressed by decreasing the benzoquinone loading. Indeed, the initially 
expected C3-keto 9 (Table 1, entry 5) was the major product observed when 7 was 
oxidized with one equivalent of benzoquinone (>60% conversion of SM, >90% 
selectivity towards the product). Batchwise addition of benzoquinone up to 2.5 
equiv resulted in the formation of lactol 11, which rearranged to 8 when left for 
a prolonged time (>16 h).  
Having confirmed that 4-deoxy glucopyranoside 7 is oxidized selectively 
at the C3 position when 1 equiv of benzoquinone is used, we employed the 
substrate in a competition experiment to determine the effect of the C4-OH on 
the oxidation rate. In similar fashion as before, a one-to-one mixture of methyl α-
D-glucopyranoside 1 and C4-deoxy 7 was subjected to the oxidation reaction, 
using half an equivalent of benzoquinone with respect to the total amount of 
glycoside. Surprisingly, after complete consumption of benzoquinone, an 
approximate one to one mixture of oxidation products was obtained, suggesting 
that chelation of the palladium catalyst with C4-OH does not play a role at all. 
The selectivity for the terminal glucose residue in oligosaccharides is therefore 
fully controlled by sterics. 
We subsequently focused our attention on addressing the second 
question: why does oxidation of xylosides, galactosides and mannosides in the 
presence of three equiv of benzoquinone lead to complex mixtures? Based on the 
observation that lactone 8 is formed when 4-deoxyglucopyranoside 7 is reacted 
with an excess of benzoquinone, we hypothesized that a similar reaction may 
cause side product formation upon oxidation of xylosides, galactosides and 
mannosides. As for deoxygenation of C4, an axial hydroxyl group or the absence 
of an equatorial CH2OH may lower the difference in the free energies of the 




subsequent overoxidation and α-ketol rearrangement. Rather than a lack of 
regioselectivity in the oxidation of 14, 17 and 20 as reported previously, side 
products may therefore have derived from the formed 3-keto products.  
To study if this was the case, we first subjected methyl 6-
deoxyglucopyranoside 12 and methyl β-D-xylopyranoside 14 to the oxidation 
reaction. While 12 gave oxidation of the C3-OH with 69% selectivity, oxidation 
of 14 resulted in rearranged product 15 when three equiv of benzoquinone as co-
oxidant were applied (Table 2, entry 1 and 2). As an intramolecular primary 
alcohol is lacking in xylopyranoside 14, the formed 3-keto-xylopyranoside 
reacted with hydroquinone, resulting from the reoxidation of the catalyst by 
benzoquinone. The resulting hemiacetal rapidly oxidized at C2 and 
hydroquinone ester 15 was obtained after α-ketol rearrangement with 38% 
selectivity as the major product. Ester 15 is the major product and no other 
identifiable products were visible. Waymouth and co-workers demonstrated that 
in the oxidation of xylopyranoside 14, lowering the amount of benzoquinone or 
switching to oxygen as the co-oxidant reduced side product formation.21 
Switching to oxygen prevents the formation of hydroquinone, which can 
function as nucleophile and give rise to subsequent reactions such as hemiacetal 
formation, oxidation, and rearrangement. This was also the case for our reaction. 
Upon carrying out the reaction with 1.2 equiv of benzoquinone, the expected 3-
keto product 16 was observed (76% conversion of starting material, 84% 
selectivity towards product 16) (Table 2, entry 3). Using our reaction conditions, 
room temperature in DMSO, compared to acetonitrile at 50 °C in the case of 
Waymouth et al.,21 we did not observe the reported C4-keto side product. 
Furthermore, switching to our deuterated catalyst and employing oxygen as the 
co-oxidant also prevented the formation of the hemiacetal and thus provides 
another means to reduce the amount of side product.29 
As anticipated, oxidation of methyl α-D-mannopyranoside 17 and 
methyl β-D-galactopyranoside 20 in the presence of three equiv of benzoquinone 
also gave rise to the corresponding rearranged products 18 and 21 (Table 2, entry 
4 and 5). Prolonged reaction times (72 h) were required to obtain these products 
and further oxidation to ketolactone 19 was observed for the mannopyranoside. 
Based on the results obtained in the oxidation of 4-deoxyglucopyranoside 7 and 
xylopyranoside 14, that could be converted rather selectively to 9 and 16 when 
the amount of benzoquinone was kept to the minimum, we reasoned that  
overoxidation of 17 and 20 and subsequent rearrangement could be 
circumvented by decreasing the benzoquinone loading. Although this yielded 
the 3-keto products23 and 24 respectively, the selectivity was significantly lower 
compared to glucopyranosides and xylopyranosides.  
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Table 2. Regioselective oxidation of (modified) gluco-, manno- and galactopyranosides.a 



























Reaction conditions: 2.5 mol% of [(neocuproine)PdOAc]2OTf2, 3 equiv of benzoquinone, 0.3 M 
in DMSO-d6. Selectivity determined via qNMR using the residual DMSO-d6 as an internal 
standard. a Unless otherwise stated, no other products could be assigned by 1H-NMR, with an 
estimated detection limit of 3%. b Performed with 1 equiv of benzoquinone. c Incomplete 
conversion, 58% conversion of starting material. Selectivity calculated according to this 
conversion. 
 
 Due to  overoxidation and rearrangement, various side products were observed 




nucleophilic attack of the C6-OH on the formed carbonyl is favoured in these 
glycosides, resulting in fast side product formation after the initial oxidation of 
the C3-OH. Blocking the intramolecular nucleophilic attack of the C6-OH should 
circumvent lactone formation, and the reported selectivity for the oxidation of 
1,6-anhydrogalactose and 1,6-anhydromannose supports the validity of this 
reasoning. Unfortunately, the 1,6-anhydrosugar approach cannot be extended to 
oligosaccharides. We therefore protected the C6-OH of methyl α-D-
mannopyranoside with a TIPS group. Oxidizing this mannose derivative 25 with 
1.2 equiv of benzoquinone surprisingly resulted in a decreased conversion of the 
starting material (58%). However, calculating the selectivity based on the 
converted starting material resulted in a selectivity of 81% towards the desired 3-
keto product 26. These experiments reveal that both mannopyranoside 17 and 
galactopyranoside 20 are selectively oxidized at C3 and that subsequent side 
product formation could be circumvented by lowering the co-oxidant and 
protecting the C6-OH. These results are in agreement with the observations of 
Waymouth and co-workers for the oxidation of pyranosides that contain an axial 
substituent, like rhamnosides, fucosides and arabinosides, in acetonitrile/water 
at elevated temperature (50 °C). The C3 ketoglycoside is obtained for the majority 
of these substrates as well.21 Waymouth also reported that switching the solvent 
to trifluoroethanol even results in the selective oxidation of methyl α-D-
galactopyranoside. However, for all of these substrates, epimerization of the axial 
substituents were observed. Apparently, trifluoroethanol at elevated 
temperatures induces rapid epimerization. In the case of methyl α-D-
galactopyranoside, epimerization results in the more stable gluco-configured 
product and intramolecular lactol formation is unfavourable for this 
configuration. Consequently, epimerization prevents further oxidation of the 
ketoproduct. Under the conditions we used (DMSO at room temperature), no 
epimerization has been observed. In this case, nucleophilic attack by the primary 
hydroxyl group is therefore favoured, which results in side product formation 
via the rearrangement described above.  
Finally, we aimed to determine the effect of the substitution pattern on 
the reactivity in the oxidation. The prolonged reaction times required for 
mannopyranoside and galactopyranoside oxidation suggested there might be a 
difference between these and the rate of glucoside oxidation. Competition 
experiments of 1 with xylopyranoside 14, galactopyranoside 20 and 
mannopyranoside 17 were performed. These experiments revealed that the rate 
of oxidation of xylopyranoside 14 is comparable to that of benchmark 1. This is 
not very surprising, because the primary hydroxyl group does not play a role in 
 
Regioselective Carbohydrate Oxidations, an NMR Study on Selectivity, Rate and Side-Product Formation 
 
69 
Figure 6. Zoom of the competition experiment galactose/glucose. ∆ = methyl α-D-glucoside • 
= methyl β-D-galactoside □ = 3-keto-glucoside ◊ = 3-keto-galactoside. 
the oxidation mechanism, and the β-hydride elimination (which is most likely 
the rate determining step) is not expected to be significantly influenced by this 
change in substitution pattern. However, the competition experiments indicated 
a clear decrease in reactivity of mannopyranosides and galactopyranosides in 
comparison to 1. 3-Ketoglucopyranoside 2 is formed preferentially over the 
corresponding product of the galactopyranoside 20 (product ratio 3-
ketoglucopyranoside 2 : 3-ketogalactopyranoside 24 = 5.7 : 1) and over that of the 
corresponding product of mannopyranoside 17 (product ratio 3-
ketoglucopyranoside 2 : 3-ketomannopyranoside 24 = 3:1) (see Figure 6 and 7 
respectively). Interestingly, we showed above with competition experiments that 
deoxygenation of the C4 position did not affect turnover of the substrate. These 
results in combination with those of the competition of glucopyranoside and 
galactopyranoside indicate that an axial OH considerably decreases the reactivity 
of the substrate in the oxidation reaction, but when the hydroxyl is omitted the 
rate is not influenced. To complete the study and to verify that the same was 
applicable for the C2 position we performed a similar competition experiment 
with methyl 2-deoxy-α-D-glucopyranoside and methyl α-D-glucopyranoside 1. 
This showed that also in this case a product ratio of 1 : 1 was obtained. In other 
words, [(neocuproine)PdOAc]2OTf2 can chelate to both the C2-C3 and C3-C4 
vicinal diol, as has also been reported for palladium TMEDA complexes.30,31  
•                                                         ∆ 





Figure 7. Zoom of the competition experiment mannose/glucose. ∆ = methyl α-D-glucoside • = 
methyl β-D-mannoside □ = 3-keto-glucoside ◊ = 3-keto-mannoside. 
Chelation to one of these vicinal diols is sufficient for oxidation. Removal of either 
the hydroxyl group at C2 or C4 does not shown an effect on the rate of the 
oxidation reaction. However, an axial hydroxyl group at C2 or C4 largely affects 
the rate of oxidation as indicated by the competition experiment with 
galactopyranoside and mannopyranoside respectively. This may be explained by 
an unfavourable chelation with the cis diol or by an electronic effect induced by 
the axial hydroxyl group.  
Having established the importance of the glucose configuration and the 
substituent at the C5 position, we realized that methyl α-D-glucuronide methyl 
ester 27 would be an excellent substrate for this palladium-catalysed oxidation. 
Glucuronic acid is an important building block for proteoglycans, like hyaluronic 
acid and heparan, and is also commonly found in secondary metabolites. If 
selective oxidation of glucuronic acid proved feasible, it would open up a method 
to functionalize glucuronide containing secondary metabolites and glucuronic 
acid containing carbohydrate polymers.32,33 Due to purification difficulties in the 
synthesis of methyl α-D-glucuronic acid we decided to synthesize the 
corresponding methyl ester. When methyl ester 27 was subjected to the 
conditions of the oxidation reaction, the desired ketoglucuronide 29 was isolated 
in 82% yield, showing that ester functionalities at C5 are tolerated by the catalyst 
(see Scheme 2). 
 
•                                   ∆ 
        ◊           □                                  •                                   ∆ 




Scheme 2. Oxidation of methyl α-D-glucuronic methyl ester. 
4.3 Conclusion 
Palladium catalysed oxidation provides an attractive means to 
functionalize glucose-configured mono- and oligosaccharides. This study 
demonstrates that the oxidation of glycopyranosides with catalytic 
[(neocuproine)PdOAc]2OTf2 takes place selectively at the C3 position, 
independent of the substitution pattern. Deoxygenation of the C2, the C4, or the 
C6 position has a minimal effect on the selectivity and substrates that contain 
bulky groups at the C4 position or an axial hydroxyl group at C2 or C4 are also 
readily oxidized at the C3 position.  
The substitution pattern does however have a large effect on the rate of 
the reaction. Oxidation of C4 protected substrates is significantly slower than the 
benchmark compound methyl α-D-glucopyranoside, which indicates that the 
selective oxidation of the terminal residue in oligoglucosides is due to steric 
shielding of the internal residues. Furthermore, competition experiments 
between galactopyranosides and glucopyranosides, and mannopyranosides and 
glucopyranosides reveal that axial hydroxyl groups at the C2 or C4 position 
reduce the rate of the oxidation. These differences in reaction rate may be 
exploited for the selective oxidation of complex oligosaccharides. For example, it 
may be feasible to selectively oxidize terminal glucoside residues in presence of 
terminal galactoside residues. 
Besides the reaction rate, the substitution pattern also affects the stability 
of the resulting 3-keto derivatives. Although the initial oxidation is C3 selective, 
axial hydroxyl groups, deoxygenation of the C4 position or removal of the 
CH2OH make the product prone to further reactions like α-ketol rearrangements. 
These modifications presumably facilitate conformational changes in the 3-keto 
products. We identified the major products by NMR, and in addition showed 
that these competing side reactions can be largely circumvented. When the 
amount of the co-oxidant, benzoquinone, is kept to the minimum, when oxygen 
is used as the co-oxidant (to avoid formation of hydroquinone), or when the C6-
OH is protected, result in the desired C3-keto as the major product, although at 
the expense of conversion. Finally, with the knowledge obtained, we realized that 
methyl glucuronide methyl ester would be an excellent substrate for the 






4.4 Experimental Section 
4.4.1 General information 
Solvents and Reagents 
All solvents used for reactions were of commercial grade, and used without 
further purification. Reagents were purchased from Sigma-Aldrich, Acros and 
were used without further purification. [(Neocuproine)PdOAc]2OTf2, methyl 
2,3,6-tri-O-benzyl-4-deoxy-α-D-xylo-hexo-pyranoside, methyl 6-deoxy-α-D-
glucopyranoside, methyl 2,3,6-tri-O-benzyl-D-glucopyranoside and methyl 6-O-




1H-, 13C-, APT-, COSY-, and HMQC-NMR were recorded on a Varian AMX400 
spectrometer (400, 100 MHz, respectively) using DMSO-d6, D2O, CD3OD or 
CDCl3 as solvent. Chemical shift values are reported in ppm with the solvent 
resonance as the internal standard (DMSO-d6: δ3.31 for 1H, δ 49.15 for 13C, 
CD3OD: δ3.31 for 1H, δ 49.15 for 13C; D2O: δ4.80 for 1H, CDCl3: δ7.26 for 1H, δ 77.16 
for 13C). Data are reported as follows: chemical shifts (δ), multiplicity (s = singlet, 
d = doublet, dd = double doublet, ddd = double double doublet, t = triplet, appt 
= apparent triplet, q =quartet, m = multiplet), coupling constants J (Hz), and 
integration. High Resolution Mass measurements were performed using a 
ThermoScientific LTQ OrbitrapXL spectrometer. 
 
4.4.2 Standard oxidation experiment 
Substrate (0.18 mmol, 1 equiv) and benzoquinone (0.54 mmol, 3 equiv) were 
dissolved in DMSO-d6 (600 µl, 0.3 M) and transferred to an NMR tube. T1 was 
determined, followed by a start NMR spectrum to determine the ratio of DMSO 
: Starting material. [(Neocuproine)PdOAc]2OTf2 (4.5 µmol, 2.5 mol%) was added 
to the NMR tube and mixed. Upon full conversion, the selectivity was 
determined and product characterized by 1H- and 13C-NMR 
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4.4.3 Synthesis substrate scope 
Methyl 4-O-benzoyl-2,3,6-tri-O-benzyl-α-D-glucopyranoside (29) 
Methyl 2,3,6-tri-O-benzyl-D-glucopyranoside (900 mg, 
1.94 mmol, 1 equiv) and benzoic acid (450 mg, 3.69 mmol, 
1.9 equiv) were dissolved in dichloromethane (10 ml, 0.2 
M). To the mixture was added DMAP (25 mg, 0.19 mmol, 
10 mol%) and the mixture was cooled down to 0 °C. DCC (600 mg, 2.91 mmol, 
1.5 equiv) was added slowly in small portions and the reaction mixture was 
stirred for 48 h. The reaction was filtered over celite and concentrated in vacuo. 
The crude material was purified by flushing over a small patch of silica with 15% 
Et2O/pentane to give the product as an oil (1.09 g, 1.92 mmol, 98%) 1H NMR (400 
MHz, CDCl3) δ 7.87 – 7.81 (m, 2H), 7.48 – 7.39 (m, 1H), 7.34 – 7.03 (m, 13H), 7.02 
– 6.94 (m, 4H), 5.19 (dd, J = 10.3, 9.2 Hz, 1H), 4.72 (d, J = 3.7 Hz, 1H), 4.69 (d, J = 
4.6 Hz, 2H), 4.58 – 4.48 (m, 3H), 4.35 (s, 2H), 3.95 (t, J = 9.4 Hz, 1H), 3.86 (ddd, J = 
10.3, 5.1, 2.8 Hz, 1H), 3.55 (dd, J = 9.6, 3.6 Hz, 1H), 3.45 (dd, J = 10.8, 2.7 Hz, 1H), 
3.39 (dd, J = 10.8, 5.1 Hz, 1H), 3.32 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 165.4, 
138.2, 138.1, 137.8, 133.2, 129.9, 129.8, 128.6, 128.4, 128.3, 128.3, 128.2, 128.1, 127.8, 
127.6, 127.5, 98.4, 79.7, 79.3, 75.5, 73.7, 73.6, 71.1, 69.1, 69.0, 55.5. (one signal signal 
is missing due to overlap). HRMS (ESI) calculated for C35H36O7Na ([M+Na]+): 
591.236, found: 591.234 
 
Methyl 4-O-benzoyl-α-D-glucopyranoside (3) 
Benzoyl compound 29 (1.08 g, 1.9 mmol, 1 equiv) was 
dissolved in MeOH/EtOAc (1:1, 19 ml, 0.1 M). The reaction 
mixture was degassed by three freeze, pump, thaw cycles. 
To the resulting mixture Pd(OH)2/C (65 mg, 0.095 mmol, 
5 mol%) was added. The flask was purged with hydrogen and left under a 
hydrogen atmosphere (1 bar) for 4 days. Upon complete conversion based on 
TLC (eluent: 5% MeOH/CH2Cl2), the reaction mixture was filtered over celite and 
concentrated in vacuo. The crude product was further purified by silica column 
chromatography (eluent: 5% MeOH/CH2Cl2) to yield the product as a white 
powder (454 mg, 1.52 mmol, 80%). 1H NMR (400 MHz, CD3OD) δ8.02 (d, J = 7.2 
Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.45 (t, J = 7.8 Hz, 2H), 5.00 (dd, J = 10.2, 9.2 Hz, 
1H), 4.74 (d, J = 3.7 Hz, 1H), 3.93 (appt, J = 9.4 Hz, 1H), 3.82 (ddd, J = 10.2, 5.6, 2.5 
Hz, 1H), 3.61 – 3.51 (m, 2H), 3.42 (s, 3H). 13C NMR (101 MHz, CD3OD) δ 167.3, 
134.4, 131.1, 130.7, 129.5, 101.0, 73.5, 73.2, 72.8, 71.6, 62.3, 55.7. 






Methyl 4-O-tetrahydropyranyl-2,3,6-tri-O-benzyl-α-D-glucopyranoside (30) 
To an oven dried flask equipped with a stirring bar was 
added methyl 2,3,6-tri-O-benzyl-D-glucopyranoside 
(890 mg, 1.92 mmol, 1 equiv) and dry dichloromethane (12.5 
ml, 0.15 M). To the mixture was added dihydropyran (530 
µl, 5.75 mmol, 3 equiv) and pyridinium p-toluenesulfonate (50 mg, 0.19 mmol, 10 
mol%). The resulting mixture was stirred under a nitrogen atmosphere at room 
temperature for 72 h. Upon complete conversion based on TLC (eluent: 30% 
Et2O/pentane), the reaction mixture was diluted with 80 ml of dichloromethane 
and washed with brine (150 ml), dried over magnesium sulfate, filtered and 
concentrated in vacuo. The crude material was further purified by silica column 
chromatography (eluent: 18% Et2O/pentane) to separate the diastereomers. The 
major diastereomer was isolated as a white crystalline material (420 mg, 0.77 
mmol, 40%). Combined yield of the diastereomers (pure + mix fractions) (984 mg, 
1.79 mmol, 94%) NMR assignment of the major diastereomer: 1H NMR (400 MHz, 
CDCl3) δ 7.39 – 7.27 (m, 15H), 4.99 (d, J = 10.8 Hz, 1H), 4.86 – 4.81 (m, 1H), 4.76 (d, 
J = 12.1 Hz, 1H), 4.70 (d, J = 10.9 Hz, 1H), 4.66 – 4.58 (m, 3H), 4.52 (d, J = 11.9 Hz, 
1H), 3.93 (ddd, J = 9.8, 6.5, 2.2 Hz, 1H), 3.84 (d, J = 9.9 Hz, 1H), 3.78 – 3.69 (m, 4H), 
3.52 (dd, J = 9.7, 3.5 Hz, 1H), 3.40 (s, 3H), 3.34 (dt, J = 11.5, 5.7 Hz, 1H), 1.79 – 1.68 
(m, 1H), 1.68 – 1.60 (m, 1H), 1.45 – 1.35 (m, 4H) 13C NMR (101 MHz, CDCl3) δ 
138.5, 138.4, 137.9, 128.2, 128.2, 128.0, 127.9, 127.7, 127.6, 127.4, 127.4, 127.1, 101.4, 
97.7, 82.0, 79.8, 75.6, 75.2, 73.1, 73.0, 69.9, 69.1, 64.2, 54.9, 31.3, 25.1, 20.8. HRMS 
(ESI) calculated for C33H40O7Na ([M+Na]+): 571.267, found: 571.266 
 
Methyl 4-O-tetrahydropyranyl-α-D-glucopyranoside (5)  
THP protected 30 (100 mg, 0.182 mmol, 1 equiv) was 
dissolved in EtOAc (1 ml, 0.2 M) and degassed via freeze 
pump thaw (three cycles). Pd(OH)2/C (6 mg, 9.1 µmol, 
5 mol%) was added and the flask was purged and left under 
hydrogen (1 atm.). The reaction was stirred at rt for 5 h until TLC indicated full 
conversion (eluent: 30% Et2O/pentane). Upon complete conversion, the reaction 
mixture was filtered over celite and concentrated in vacuo to yield the product as 
a white powder (54 mg, 0.18 mmol, quant.). 1H NMR (400 MHz, CD3OD) δ 4.90 
(d, J = 6.8 Hz, 1H), 4.66 (d, J = 3.6 Hz, 1H), 3.96 – 3.88 (m, 1H), 3.82 (d, J = 11.9 Hz, 
1H), 3.73 – 3.67 (m, 2H), 3.59 – 3.42 (m, 3H), 3.39 (s, 3H), 3.36 (d, J = 11.3 Hz, 1H), 
1.85 – 1.70 (m, 2H), 1.60 – 1.38 (m, 4H). 13C NMR (101 MHz, CD3OD) δ 102.9, 101.0, 
77.1, 75.3, 73.5, 72.2, 65.8, 62.9, 55.5, 32.2, 26.4, 22.0. HRMS (ESI) calculated for 
C12H22O7Na ([M+Na]+): 301.126, found: 301.126 
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Methyl 4-deoxy-α-D-glucoside (7) 
Methyl 2,3,6-tri-O-benzyl-4-deoxy-α-D-xylo-hexo-pyranoside 
(1.5 g, 3.34 mmol, 1 equiv) was dissolved in a mixture of 
THF/MeOH(1 : 3.5, 45 ml, 0.07 M). To the resulting mixture Pd/C 
(350 mg, 0.334 mmol, 10 mol%) was added and the flask was 
purged with hydrogen. The reaction mixture was stirred overnight. Upon 
completion the reaction mixture was filtered over celite and washed with 
methanol, the combined organic layers were concentrated in vacuo. The crude 
mixture was further purified by silica column chromatography (eluent: 12% 
MeOH/CH2Cl2) to yield the product as a white powder (500 mg, 2.8 mmol, 84%). 
1H NMR (400 MHz, CD3OD) δ 4.68 (d, J = 3.7 Hz, 1H), 3.91 – 3.68 (m, 2H), 3.50 (d, 
J = 5.2 Hz, 2H), 3.35 (s, 3H), 3.34 – 3.25 (m, 2H), 1.88 (ddd, J = 12.7, 5.2, 2.1 Hz, 1H), 
1.32 (q, J = 12.0 Hz, 1H). 13C NMR (101 MHz, CD3OD) δ 101.6, 75.2, 69.8, 68.7, 65.6, 
65.5, 55.5, 36.2. HRMS (ESI) calculated for C7H14O5Na ([M+Na]+): 201.073, found: 
201.073 
 
Methyl α-D-glucuronide methyl ester (27) 
Methyl α-D-glucopyranoside 
(1 g, 5.15 mmol, 1 equiv) and 
NaBr (80 mg, 2.575 mmol, 
0.5 equiv) were dissolved in 
carbonate buffer (pH = 9.5, 50 ml, 0.3 M). To the resulting solution was added 
TEMPO (265 mg, 0.515 mmol, 10 mol%) in ACN (1.5 ml). The reaction mixture 
was cooled down to 0 °C and household bleach (3–8% sodium hypochlorite) was 
added dropwise till oscillation of yellow to colorless stopped (slow addition is 
required otherwise the oscillation stops directly due to saturation). Upon 
completion based on TLC, the remaining oxidant was quenched by the addition 
of MeOH until the yellow color dissipates. The reaction mixture was acidified to 
pH = 1 with 1 M HCl. The resulting solution was filtered over 10 g of activated 
charcoal and the product was eluted off with 5% MeOH/H2O. Upon evaporation 
of the solvent the product was obtained as a mixture of methyl α-D-glucuronic 
acid and methyl α-D-glucuronide methyl ester (612 mg, 2.94 mmol, 57%). 
The crude products (400 mg, 1.92 mmol, 1 equiv) and K2CO3 (320 mg, 2.3 mmol, 
1.2 equiv) were dissolved in dry DMF (9.5 ml, 0.2 M). To the resulting solution 
was added methyl iodide (140 µl, 2.3 mmol, 1.2 equiv) and the reaction was 
stirred at rt for 18 h until TLC indicated full conversion (eluent: 15% 
MeOH/DCM). Upon complete conversion, the solvent was removed in vacuo. The 
crude mixture was dissolved in a minimal amount of water and further purified 
by charcoal column chromatography (16% EtOH/water eluted the product) to 




MHz, CD3OD) δ 4.71 (d, J = 3.7 Hz, 1H), 4.03 (d, J = 9.8, Hz, 1H), 3.62 (t, J = 9.2 Hz, 
1H), 3.52 (dd, J = 9.8, 8.9 Hz, 1H), 3.47 – 3.41 (m, 4H). 13C NMR (101 MHz, CD3OD) 
δ 172.0, 101.9, 74.5, 73.3, 73.1, 72.8, 56.0, 52.8. 
Characterization matches literature.38 
 
4.4.3 Oxidation experiments 
Oxidation of methyl 4-O-benzoyl-α-D-glucopyranoside (3)  
Oxidized according to the general procedure. C4-Benzoyl 
glucoside 3 (54 mg, 0.18 mmol, 1 equiv), benzoquinone 
(58 mg, 0.54 mmol, 3 equiv) and 
[(neocuproine)PdOAc]2OTf2 (4.7 mg, 4.5 µmol, 2.5 mol%) 
were dissolved in DMSO-d6 (600 µl, 0.3 M) and reacted for 1 h.  
Selectivity towards the desired product: 56% (78% based on conversion) 
Conversion of starting material: 72% 
1H NMR (400 MHz, DMSO-d6) δ 8.02 – 7.90 (m, 2H), 7.71 – 7.65 (m, 1H), 7.57 – 
7.52 (m, 2H), 5.50 (dd, J = 10.2, 1.3 Hz, 1H, H4), 5.09 (d, J = 4.2 Hz, 1H, H1), 4.56 
(dd, J = 4.2, 1.4 Hz, 1H, H2), 4.01 (ddd, J = 10.2, 4.0, 2.0 Hz, 1H, H5), 3.73 (dd, J = 
12.3, 1.9 Hz, 2H, H6a), 3.66 (dd, J = 12.4, 4.0 Hz, 1H, H6b), 3.35 (s, 3H, OMe).13C 
NMR (101 MHz, DMSO-d6) δ 200.4 (C3), 164.2, 133.8, 129.5, 129.0, 128.9, 102.3 
(C1), 75.0 (C2), 72.8 (C4), 72.3 (C5), 60.2 (C6), 54.9 (OMe). 
 
Oxidation of methyl 4-O-tetrahydropyranyl-α-D-glucopyranoside (5)  
Oxidized according to the general procedure. C4-THP 
glucoside 5 (50 mg, 0.18 mmol, 1 equiv), benzoquinone 
(58 mg, 0.54 mmol, 3 equiv) and 
[(neocuproine)PdOAc]2OTf2 (4.7 mg, 4.5 µmol, 2.5 mol%) 
were dissolved in DMSO-d6 (600 µl, 0.3 M) and reacted for 1 h.  
Selectivity towards the desired product: 70% 
1H NMR (400 MHz, DMSO-d6) δ 4.97 (d, J = 4.0 Hz, 1H, H1), 4.82 – 4.76 (m, 1H, 
H1’), 4.36 (d, J = 9.1 Hz, 1H, H4), 4.33 (d, J = 4.3 Hz, 1H, H2), 3.76 (d, J = 10.0 Hz, 
2H, H6b + H5a’), 3.61 (d, J = 9.8 Hz, 2H, H5 + H6a), 3.41 (d, J = 10.5 Hz, 1H, H5b’), 
3.28 (s, 3H, OMe), 1.71 – 1.66 (m, 2H, H2b’ + H4b’), 1.58 (d, J = 4.0 Hz, 1H, H2a’), 
1.53 – 1.28 (m, 3H H3’ + H4a’). 13C NMR (101 MHz, DMSO-d6) δ 204.8 (C3), 102.1 
(C1), 96.6 (C1’), 74.9 (C4), 74.1 (C2), 73.7 (H5), 61.5 (H5’), 60.7 (H6), 54.6 (OMe), 
29.9 (C2’), 25.0 (C3’), 18.7 (C4’). 
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Oxidation of methyl 4-deoxy-α-D-glucoside (7) 
Oxidized according to the general procedure. Methyl 4-deoxy-α-D-
glucoside 7 (32 mg, 0.18 mmol, 1 equiv), benzoquinone (58 mg, 0.54 
mmol, 3 equiv) and [(neocuproine)PdOAc]2OTf2 (4.7 mg, 4.5 µmol, 
2.5 mol%) were dissolved in DMSO-d6 (600 µl, 0.3 M) and reacted for 
24 h. Selectivity towards the desired product: 57% 
1H NMR (400 MHz, DMSO-d6) δ 4.63 (s, 1H, H1), 4.57 (d, J = 6.2 Hz, 1H, H4), 4.24 
(d, J = 11.3 Hz, 1H, H5a), 4.11 (d, J = 11.4 Hz, 1H, H5b), 3.34 (s, 3H, H7), 2.29 (dd, 
J = 11.2, 6.3 Hz, 1H, H3a), 2.17 (d, J = 11.3 Hz, 1H, H3b). 13C NMR (101 MHz, 
DMSO-d6) δ 172.1 (C6), 102.7 (C1), 77.6 (C2), 75.1 (C5), 72.5 (C4), 55.2 (C7), 32.5 
(C3). HRMS measured in methanol, the lactone opened to the methyl ester: 
HRMS (ESI) calculated for C8H14O6Na ([M+Na]+): 229.069, found: 229.068 
 
Oxidized according to the general procedure. Methyl 4-deoxy-α-D-
glucoside 7 (14 mg, 0.078 mmol, 1 equiv), benzoquinone (8 mg, 0.078 
mmol, 1 equiv) and [(neocuproine)PdOAc]2OTf2 (2 mg, 1.95 µmol, 2.5 
mol%) were dissolved in DMSO-d6 (260 µl, 0.3 M) and reacted for 15 
min.  
Selectivity towards the desired product: 64% (94% based on conversion) 
Conversion of starting material: 68% 
1H NMR (400 MHz, DMSO-d6) δ 4.96 (d, J = 4.1 Hz, 1H), 4.23 (dd, J = 4.1, 1.3 Hz, 
1H), 3.84 (dp, J = 11.8, 4.1, 3.6 Hz, 1H), 3.48 (dd, J = 4.6, 2.0 Hz, 2H), 3.27 (s, 3H), 
2.56 (ddd, J = 13.1, 11.6, 1.3 Hz, 1H), 2.26 (dd, J = 13.9, 2.9 Hz, 1H). 13C NMR (101 
MHz, dmso) δ 205.2, 102.4, 75.5, 70.3, 63.3, 54.5, 42.5. 
 
Oxidation of methyl 6-deoxy-α-D-glucopyranoside (12)  
Oxidized according to the general procedure. Methyl 6-deoxy-α-D-
glucoside 12 (32 mg, 0.18 mmol, 1 equiv), benzoquinone (58 mg, 
0.54 mmol, 3 equiv) and [(neocuproine)PdOAc]2OTf2 (4.7 mg, 4.5 
µmol, 2.5 mol%) were dissolved in DMSO-d6 (600 µl, 0.3 M) and 
reacted for 1 h. Selectivity towards the desired product: 70% 
1H NMR (400 MHz, DMSO-d6) δ 4.91 (d, J = 4.2 Hz, 1H, H1), 4.33 (d, J = 4.4 Hz, 
1H, H2), 3.80 (dd, J = 9.5, 1.7 Hz, 1H, H4), 3.63 – 3.55 (m, 1H, H5), 3.26 (s, 3H, 
OMe), 1.30 (d, J = 6.1 Hz, 3H, H6). 13C NMR (101 MHz, DMSO-d6) δ 205.6 (C3), 






Oxidation of methyl β-D-xylopyranoside (14) 
Oxidized according to the general procedure. Methyl β-D-
xylopyranoside 14 (30 mg, 0.18 mmol, 1 equiv), 
benzoquinone (58 mg, 0.54 mmol, 3 equiv) and 
[(neocuproine)PdOAc]2OTf2 (4.7 mg, 4.5 µmol, 2.5 mol%) 
were dissolved in DMSO-d6 (600 µl, 0.3 M) and reacted for 
72 h. No 3-keto-xylopyranoside was observed. 
Selectivity towards the major product: 38% 
1H NMR (400 MHz, DMSO-d6) δ 6.94 (d, J = 8.9 Hz, 2H), 6.79 (d, J = 8.9 Hz, 2H), 
5.40 (s, 1H, 1H), 4.38 (d, J = 17.2 Hz, 1H, H4a), 4.07 (d, J = 17.3 Hz, 1H, H4b), 3.43 
(s, 3H, OMe). 13C NMR (101 MHz, DMSO-d6) δ 208.5 (C3), 167.3 (C5), 155.6, 142.0, 
122.1, 115.9, 103.1 (C1), 81.2 (C2), 66.7 (C4), 55.0 (OMe). 
 
Oxidized according to the general procedure. Methyl β-D-
xylopyranoside 14 (30 mg, 0.18 mmol, 1 equiv), benzoquinone 
(24 mg, 0.22 mmol, 1.2 equiv) and [(neocuproine)PdOAc]2OTf2 
(4.7 mg, 4.5 µmol, 2.5 mol%) were dissolved in DMSO-d6 (600 µl, 0.3 M) and 
reacted for 1 h. Selectivity towards the desired product: 64%  
1H NMR (400 MHz, DMSO-d6) δ 4.25 (ddd, J = 10.5, 7.5, 1.7 Hz, 1H, H4), 4.19 (d, J 
= 7.8 Hz, 1H, H1), 4.09 (dd, J = 10.9, 7.5 Hz, 1H, H5a), 4.00 (dd, J = 7.8, 1.8 Hz, 1H, 
H2), 3.42 (s, 3H, OMe), 3.19 (t, J = 10.7 Hz, 1H, H5b). 13C NMR (101 MHz, DMSO-
d6) δ 205.8 (C3), 105.9 (C1), 76.7 (C2), 71.9 (C4), 65.5 (C5), 56.2 (OMe). 
 
Methyl α-D-mannopyranoside (17) 
Oxidized according to the general procedure. 
Methyl α-D-mannopyranoside 17 (35 mg, 
0.18 mmol, 1 equiv), benzoquinone (58 mg, 
0.54mmol, 3 equiv) and 
[(neocuproine)PdOAc]2OTf2 (4.7 mg, 4.5 µmol, 2.5 
mol%) were dissolved in DMSO-d6 (600 µl, 0.3 M) and reacted for 72 h at 40 °C.  
Selectivity towards lactone (18): 26% 
Selectivity towards keto-lactone (19): 19% 
NMR data lactone (18): 
1H NMR (400 MHz, DMSO-d6) δ 4.72 (s, 1H, H1 overlapping with H4 of keto-
lactone)), 4.50 (appt, J = 1.6 Hz, 1H, H4), 4.26 (dd, J = 11.4, 1.4 Hz, 1H, H5a), 4.12 
(s, 1H, H3), 4.06 (dd, J = 11.4, 1.9 Hz, 1H,H5b), 3.36 (s, 3H, OMe). 13C NMR (101 
MHz, DMSO-d6) δ 171.8 (C6), 103.5 (C1), 84.5 (C2), 78.9 (C4), 72.9 (C5), 70.9 (C3), 
56.6 (OMe). 
NMR data keto-lactone (19): 
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1H NMR (400 MHz, DMSO-d6) δ 5.18 (s, 1H, H1), 4.75 – 4.69 (m, 1H, H4, 
overlapping with H1 of lactone), 4.45 (dd, J = 11.7, 2.9 Hz, 1H), 4.34 (dd, J = 11.6, 
1.0 Hz, 1H), 3.39 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 201.2 (C3), 170.3 (C6), 
101.0 (C1), 81.4 (C2), 72.9 (C4), 71.4 (C5), 55.6 (OMe). 
 
Oxidized according to the general procedure. Methyl β-D-
mannopyranoside 17 (23 mg, 0.12 mmol, 1 equiv), benzoquinone 
(16 mg, 0.14 mmol, 1.2 equiv) and [(neocuproine)PdOAc]2OTf2 
(6 mg, 6 µmol, 5 mol%) were dissolved in DMSO-d6 (400 µl, 0.3 M) 
and reacted for 1 h.  
Selectivity towards the desired product: 30% 
1H NMR (400 MHz, DMSO-d6) δ 4.79 (d, J = 1.7 Hz, 1H, H1), 4.44 (d, J = 9.8 Hz, 
1H, H4), 3.78 (d, J = 1.7 Hz, 1H, H2), 3.70 (dd, J = 11.8, 2.0 Hz, 1H, H6a), 3.65 – 3.62 
(m, 1H, H6b), 3.52 – 3.48 (m, 1H, H5), 3.26 (s, 3H,OMe). 13C NMR (101 MHz, 
DMSO-d6) δ 207.0 (C3), 102.7 (C1), 76.2 (C5), 75.2 (C2), 70.4 (C4), 61.0 (C6), 54.1 
(OMe). 
 
Methyl α-D-galactopyranoside (20) 
Oxidized according to the general procedure. Methyl β-D-
galactopyranoside 20 (35 mg, 0.18 mmol, 1 equiv), benzoquinone 
(58 mg, 0.54 mmol, 3 equiv) and [(neocuproine)PdOAc]2OTf2 
(4.7 mg, 4.5 µmol, 2.5 mol%) were dissolved in DMSO-d6 (600 µl, 
0.3 M) and reacted for 72 h at 40 °C.  
Selectivity towards the major product: 27% 
1H NMR (400 MHz, DMSO-d6) δ 4.79 (s, 1H, H1), 4.35 (d, J = 11.6 Hz, 1H, H6a), 
4.35 – 4.30 (m, 2H, H3, H4), 4.22 (d, J = 11.9 Hz, 1H, H5b), 3.33 (s, 3H, OMe) 13C 
NMR (101 MHz, DMSO-d6) δ 170.1 (C6), 107.3 (C1), 82.1 (C2), 75.1 (C3), 72.0 (C4), 
71.2 (C5), 56.3 (OMe). 
 
 
Oxidized according to the general procedure. Methyl β-D-
galactopyranoside 20 (35 mg, 0.18 mmol, 1 equiv), benzoquinone 
(14 mg, 0.136 mmol, 1 equiv) and [(neocuproine)PdOAc]2OTf2 
(4.7 mg, 4.5 µmol, 2.5 mol%) were dissolved in DMSO-d6 (600 µl, 
0.3 M) and reacted for 1 h.  
Selectivity towards the desired product: 21% 
Difficult Integration of NMR, characterization took place via the 13C NMR 
spectrum. The selectivity was determined based on the anomeric centre. 
13C NMR (101 MHz, DMSO-d6) δ 206.2 (C3), 105.1 (C1), 75.3, 75.1, 73.2, 59.0 (C6), 




Oxidation of methyl 6-O-TIPS-α-D-mannopyranoside 
Oxidized according to the general procedure. Methyl 6-O-TIPS-α-
D-mannopyranoside 25 (63 mg, 0.18 mmol, 1 equiv), benzoquinone 
(23 mg, 0.216 mmol, 1.2 equiv) and [(neocuproine)PdOAc]2OTf2 
(4.7 mg, 4.5 µmol, 2.5 mol%) were dissolved in DMSO-d6 (600 µl, 
0.3 M) and reacted for 1 h.  
Selectivity towards the desired product: 47% (81% based on conversion) 
Conversion of starting material = 58% 
1H NMR (400 MHz, DMSO-d6) δ 4.78 (d, J = 1.7 Hz, 1H, H1), 4.40 (d, J = 9.9 Hz, 
1H, H4), 3.96 (dd, J = 10.6, 1.6 Hz, 1H, H6a), 3.87 (dd, J = 11.0, 6.1 Hz, 1H, H6b), 
3.77 (d, J = 1.7 Hz, 1H, H2), 3.57 – 3.51 (m, 1H, H5), 3.25 (s, 3H, OMe) 1.05 – 0.98 
(m, 21H, TIPS). 13C NMR (101 MHz, DMSO-d6) δ 206.6 (C3), 102.6 (C1), 76.2 (C5), 
75.1 (C2), 70.3 (C4), 63.4 (C6), 53.8 (OMe), 17.9, 17.9, 11.5. 
 
Oxidation of methyl α-D-glucuronide methyl ester (29)  
Methyl α-D-glucoronic acid methyl ester 27 (46 mg, 0.207 mmol, 
1 equiv) and benzoquinone (67 mg, 0.621 mmol, 3 equiv) were 
dissolved in DMSO (700 µl, 0.3 M). To the resulting solution, 
[(neocuproine)PdOAc]2OTf2 (10 mg, 10.4 µmol, 5 mol%) was 
added. The reaction was stirred at room temperature for 2.5 h. 
Upon complete conversion based on TLC (10% MeOH/CH2Cl2) the reaction 
mixture was diluted with tBuOH/H2O (1 : 20, 12 ml) and flushed over 500 mg of 
charcoal containing small patch of celite on top. The resulting water layer was 
washed multiple times with Et2O (5 x 20 ml) to remove the co-eluted 
hydroquinone. The product was freeze-dried to yield 37 mg (0.17 mmol, 82%) as 
an off-white solid. (contains ~10% DMSO by NMR integration, isolated yield 
corrected for this value). 
1H NMR (400 MHz, D2O) δ 5.28 (d, J = 3.9 Hz, 1H, H1), 4.70 (d, J = 4.0 Hz, 1H, H2), 
4.60 (d, J = 10.0 Hz, 1H, H4), 4.37 (d, J = 9.7 Hz, 1H, H5), 3.89 (s, 3H,C(O)OMe), 
3.47 (s, 3H, OMe). 13C NMR (101 MHz, D2O) δ 205.5 (C3), 171.2 (C6), 102.7 (C1), 
74.9, 73.8, 73.3, 56.5 (OMe), 54.0 (C(O)OMe). 
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Regioselective Carbohydrate Oxidations; Origins 
of Selectivity and Reactivity. 
This chapter focuses on elucidating the origin of the observed rate 
difference in the oxidation of glycosides containing a vicinal cis diol or 
vicinal trans diols. Furthermore, the origin of the regioselectivity is 
investigated in more detail and unravelled. From competition experiments 
with methyl-α-D-glucoside, it can be concluded that the oxidation rate is 
retarded by chelation to a trans-axial diol, but not by preferential chelation 
to either a cis or a trans-equatorial diol. Furthermore, the rate is influenced 
by the presence of axial substituents adjacent to the C3 position. 
Hyperconjugation between these axial substituents and the adjacent C3-
H antibonding orbital weakens the C-H bond thereby facilitating 
oxidation. Hyperconjugation by an axial C-H bond, such as in glucosides, 
is more pronounced than hyperconjugation by an axial C-O bond such as 
in galactose or mannose and therefore a difference in rate is observed. 
From the scope of the synthesized glycosides it is concluded that the 
anomeric substituent plays neither a role in the rate nor in the selectivity. 
On the other hand, oxidizing the carba analogue of 1-deoxy-glucose 
revealed that the endocyclic oxygen is essential for the observed C3 
selectivity. The ring oxygen seems to polarize the adjacent carbons, 
lowering their electron density. The C3 position, being the furthest away, 
is the least polarized and therefore least deactivated. This indicates that it 
is not the catalyst but the substrate that is steering the selectivity, in other 
words the reaction is substrate-controlled. To verify this, different 
oxidation methods were studied showing that also oxidation with bromine 





The late-stage functionalization of advanced synthetic intermediates, 
drug (candidates) and natural products has gained considerable attention 
throughout the last few years.1 Methods that enable direct functionalization 
without the need for pre-installed synthetic handles are among the most desired 
methods. However, when it comes to the application of these methods on 
complex molecules, a complete understanding and a predictable selectivity of the 
applied method is crucial. As stated, one way to achieve regioselective 
modification is by means of directing or activating groups and this approach has 
shown to work quite effectively.2 However, when such a group is not present in 
the final target molecule, additional steps are required to remove the introduced 
directing group afterwards. During recent years, efforts have been made to 
develop novel regioselective methods that exploit the inherent subtle reactivity 
differences within a given substrate, rather than relying on the use of directing 
groups.3,4 If successful, these methods are highly effective, but predicting the 
regioselectivity is not straightforward. To be able to successfully apply these 
novel methods to complex molecules, a model for the regioselectivity is required. 
This can be done via careful investigation of the relation between reactivity and 
selectivity of a series of differently configured small molecules. These studies will 
ultimately lead to a working model which can be applied to reliably predict the 
selectivity in more complex substrates. This strategy has been used for the late 
stage functionalization of complex molecules by un-directed C-H activation. The 
group of Christina White developed a working model for their regioselective C-
H activation/oxidation reaction.5–7 Based on the observation that iron catalyst 1 
preferentially oxidizes electron rich C-H bonds that are not sterically congested, 
they predicted that C2 in terpenoid 2, which is (1) the furthest away from the 
carbonyl moiety and (2) sterically less hindered, would be activated 
preferentially. Indeed, oxidation of C2 position is the major product, with 
oxidation of C3 as a side product (Scheme 1).  
 
 
Scheme 1. Predictable regioselective C-H activation/oxidation. 




In a similar fashion as C-H activation, regioselective alcohol oxidation 
enables late-stage functionalization of polyols. It has been shown by the group of 
Waymouth that cationic palladium catalyst 4 selectively oxidizes secondary 
alcohols over primary alcohols, as in glycerol.8 Furthermore, Waymouth showed 
that secondary alcohols that are part of a vicinal diol oxidize with an increased 
rate.8 We applied palladium catalyst 4 to the regioselective oxidation of 
glucosides, in which the C3-OH is selectively oxidized (see Chapter 2-4).9–11 
Waymouth recently expanded the scope of the regioselective oxidation of 
glycosides, showing that also substrates bearing axial functionalities, such as 
rhamnopyranoside 5, undergo selective oxidation of the equatorial hydroxyl 
group at C3 (Scheme 2).12 This is in contrast to their previously reported oxidation 
of trans-cyclohexanediols, such as 7, in which the axial alcohol is preferentially 
oxidized (Scheme 2).  
  
 
Scheme 2. Oxidation of axial versus equatorial hydroxyl groups depending on the substrate. 
Factors that govern the selectivity of this reaction have been studied in some 
detail in this thesis. In chapters 2 and 4, it was shown that Pd-catalysed oxidation 
selectively occurs at the terminal C3-position of oligosaccharides due to steric 
hindrance at the other C3-positions. We also investigated the effect of the 
substitution pattern in glycosides and showed that the C2-OH, C4-OH, C6-OH 
or the exocyclic CH2OH can be removed or substituted without losing any 
selectivity. Introducing different functionalities such as an azide or esters does 
also not affect the C3-selectivity. The only side reactions observed are those 
resulting from  overoxidation as described in Chapter 4.13 The substitution 
pattern does, however, influence the reactivity. Glycosides that bear an axial 
substituent, such as galactosides and mannosides, show a decreased rate in the 
oxidation compared to glucosides. Unfortunately, the working model for the 
palladium catalysed regioselective oxidation is by no means complete and 
therefore has not yet reached the desired level of predictability. To successfully 
apply this oxidation method on complex (natural) oligosaccharides, a full 




understanding will improve the accuracy of the model and will thus enable 
predicting where and how efficient oxidation will occur. It is therefore essential 
that the following questions are addressed: How does the substitution pattern 
affect the oxidation rate and why does the catalyst oxidize selectively the C3-OH, 
independently of the glycoside substrate? 
Our hypothesis was that the difference in reactivity in glycosides 
containing an axial hydroxyl group is due to an unfavourable chelation of the 
catalyst with cis diols or due to a change in electron density. In terms of the 
regioselectivity of this oxidation method, the role of just two functionalities had 
not yet been investigated, namely the anomeric position and the endocyclic 
oxygen.  
To answer these questions and prove the hypothesis, a panel of 
glycopyranosides was synthesized and studied in individual oxidation reactions 
as well as in competition experiments. As in Chapter 4, these experiments were 
analysed by qNMR to both monitor the conversion to the product and 
characterize the product in one operation. 
  
5.2 Results and discussion 
To investigate the oxidation of glycosides bearing an axial hydroxyl 
group, a distinction needs to be made between chelation effects and electronic 
effects. To single out the effect of chelation, methyl 2-deoxy-α-D-galactoside (11) 
was prepared starting from tri-O-acetyl-D-galactal (9). Reaction with methanol in 
presence of triphenylphosphonium hydrogen bromide yielded the desired α-
acetal 10. Deprotection with sodium methoxide resulted in methyl 2-deoxy-α-D-
galactoside (11) (Scheme 3). 
 
 
Scheme 3. Preparation of methyl 2-deoxy-α-D-galactoside. 
Based on the oxidation of methyl 2-deoxy-α-D-glucoside (13) we already know 
that when there is only a trans diol on C3 and C4 the oxidation proceeds without 
any rate difference compared to the benchmark compound methyl α-D-
glucoside.9,13 In the same manner, methyl 2-deoxy-α-D-galactoside (11) was used 
to study the effect of a cis diol on the oxidation rate and to compare this rate with 
the reaction rate of methyl galactoside. If chelation with the cis diol is 
unfavourable, this effect would be more pronounced in the case of methyl 2-








Scheme 4. Comparison of 2-deoxy-galactoside and 2-deoxy-glucoside. 
 
Initial attempts to oxidize methyl 2-deoxy-α-D-galactoside (11) under the 
standard conditions (3 equiv benzoquinone, 2.5 mol% Pd-cat, 0.3 M DMSO-d6) 
resulted in selective oxidation at the C3 position. Next to the expected 3-keto 
product 14, 3-4-diketone 18 was also observed (Scheme 5). When  overoxidation 
was observed in other substrates, this resulted in the formation of a rearranged 
product (see Chapter 4). In this case, due to the lack of a C2-OH,  overoxidation 
can only occur at the C4 position and therefore diketone 18 is observed, rather 
than the rearranged product (for the mechanism see Scheme 5). The observation 
of  overoxidation is not too surprising since oxidation of methyl β-D-galactoside 
also results in  overoxidation. 
 
 
Scheme 5. Mechanism of the  overoxidation of methyl 2-deoxy- α-D-galactoside. 
To determine whether there is a rate difference between a glycoside bearing 
exclusively a cis diol and a glycoside that has both a cis and trans diol, a one-to-




was oxidized using half an equivalent of benzoquinone with respect to the total 
amount of glycoside. Both galactosides have the tendency to give  overoxidation 
and therefore consumption of the starting material was chosen as the indicator 
of the oxidation rate. After 40 min only a small rate difference was observed in 
preference of methyl β-D-galactoside (starting material ratio methyl β-D-
galactoside : methyl 2-deoxy-α-D-galactoside (11) = 2 : 1, for comparison of the 
13C-NMR spectra see Figure 1). Although a two-fold difference in rate was 
observed, a larger rate difference was to be expected if chelation played an 
important role. It is therefore unlikely that the difference in oxidation rates is 
solely caused by unfavorable chelation to the cis diol. 
Figure 1. Zoom of the competition experiment of methyl β-D-galactoside/methyl 2-deoxy-α-D-
galactoside. ∆ = methyl α-D-2-deoxy-galactoside • = methyl-β-D-galactoside □ = 3-keto-2-deoxy-
galactoside ◊ = 3-keto-galactoside. 
To unambiguously demonstrate that chelation to a cis-diol is not affecting 
the rate, methyl α-D-alloside (20) was also studied in the oxidation reaction. If 
chelation to a cis diol indeed does affect the rate of the reaction, methyl α-D-
alloside (20), bearing only cis diols, should not oxidize as fast as methyl α-D-
glucoside (19). For these studies, methyl α-D-alloside (20) was prepared as 
reported previously by our group.9 Oxidizing methyl α-D-glucoside (19) with the 
palladium catalysed oxidation reaction followed by direct reduction with sodium 
borohydride yielded the epimerized product 20 (Scheme 6). 
•                                                                                            ∆ 
  
◊       •                                             □           ∆ 
  






Scheme 6. Preparation of methyl α-D-alloside. 
Oxidizing methyl α-D-alloside (20) under the standard conditions resulted in the 
expected oxidation at the C3 position in 90% yield based on NMR. To study the 
differences in efficiency of chelation with either cis or trans diols a competition 
experiment between methyl α-D-glucoside (19) and methyl α-D-alloside (20) was 
performed. Because both glycosides yield the same oxidation product, the 
consumption of starting material was used to monitor the rate of the reaction. 
Again, only a small rate difference was observed (starting material ratio methyl 
α-D-glucoside (19) : methyl α-D-alloside (20) = 1.8 : 1). These results once again 
indicate that chelation only plays a small role in the observed rate difference. It 
is likely that this rate difference is caused to a large extent due to a change in 
electronic nature when switching from an equatorial hydroxyl to an axial one.  
Finally, to determine whether chelation plays a role at all, the 
anhydroglycosides 21 and 22 were oxidized (Scheme 7 + 8). 1,6-anhydro-β-D-
glucose (21) contains only trans di-axial diols, a feature not studied so far. 
Oxidizing 1,6-anhydro-β-D-glucose (21) under the standard conditions resulted 
in the expected oxidation at the C3 position. Next to the C3-keto, diketones 27 
and 28 were observed. Due to the absence of the primary alcohol, these are most 
likely formed via nucleophilic attack of hydroquinone on the formed ketone, 
similar as in the case of xylose in Chapter 4. Further oxidation of the resulting 
diol yields a ketone on either the C2 or the C4 position (Scheme 7). Due to the 
bicyclic nature of the molecule, the rearrangement is not observed and upon 
analysis the diketone is observed rather than the hemiacetal. To study the rate 
difference between trans di-equatorial and trans di-axial diols, a competition 
reaction was performed between 1,6-anhydro-β-D-glucose (21) and methyl α-D-
glucoside (19). In this case, a more pronounced effect was observed favouring the 
oxidation of methyl α-D-glucoside (product ratio methyl 3-keto-α-D-glucoside 
(29) : 1,6-anhydro-3-keto-β-D-glucose (23) = 4 : 1). These results indicate that 
chelation with trans di-axial diol does indeed affect the oxidation rate. To verify 
that this rate difference results from the trans di-axial diol and not from the 
bridging ring in the anhydro sugar, 1,6-anhydro-α-D-galactose (22) was also 





Scheme 7. Oxidation of 1,6-anhydro-β-D-glucose. 
expected to observe a rate difference comparable to that of methyl α-D-alloside 
(20). This was indeed the case, the competition reaction between methyl α-D-
glucoside (19) and 1,6-anhydro-β-D-galactose (22) showed only a small rate 
difference (product ratio methyl 3-keto-α-D-glucoside (29) : 1,6-anhydro-3-keto-
β-D-galactose (30) = 1.5 : 1 (Scheme 8). These results indicate that most likely cis 
or trans-equatorial diols do not affect the rate significantly based on chelation, 
but a trans di-axial diol does.  
 
 
Scheme 8. Competition reaction between methyl α-D-glucoside 19 & 1,6-anhydro-β-D-
galactose 22.  
Since the difference between the reactivity of cis or trans-equatorial diols 
is only minimal, the attention was focused next on the stereo-electronic effects of 
an axial alcohol compared to an equatorial alcohol on the oxidation reaction. To 
single out this effect, we prepared both 4-fluoro-galactoside 31 and 4-fluoro-
glucoside 32. With these fluoride derivatives, the importance of the orientation 
of this electron withdrawing group can be probed, while excluding the chelation 
effect (both substrates bear a trans-equatorial diol and the fluoride does not take 
part in chelation). To obtain axial fluoride 31, methyl 2,3,6-tri-O-benzyl-D-
glucopyranoside (33, for preparation see Chapter 4) was converted into its triflate 
followed by nucleophilic substitution with fluoride to yield protected 35. 
Removal of the benzyl groups by hydrogenolysis yielded 4-fluoro-galactoside 31 
(Scheme 9). 






Scheme 9. Preparation of 4-fluoro-galactoside. 
For the synthesis of the equatorial fluoride 32, a similar route was employed. 
Commercially available methyl 2,3,6-tri-O-benzoyl-α-D-galactopyranoside (36) 
was reacted with trifluoromethansulfonic anhydride to yield triflate 37. 
Nucleophilic substitution with fluoride yields protected 38. Removal of the 
benzoyl groups with sodium methoxide yielded the equatorial fluoride 32 
(Scheme 10). The yield for the 4-fluoro-glucoside 32 was significant lower (37% 
over two steps) than the yield for 31, most likely due to the instability of the axial 
triflate, which is prone to elimination. 
 
 
Scheme 10. Preparation of 4-fluoro-glucoside. 
With the 4-fluoro-glycosides in hand, their behaviour in the palladium 
catalysed oxidation reaction was studied. Oxidation of 4-fluoro-glucoside 32 (1 
equiv. benzoquinone, 2.5 mol% Pd-cat, 0.3 M DMSO-d6) resulted in a noticeable 
difference compared to other glucosides substrates. While the majority of 
glucosides is fully converted within 30 minutes, 4-fluoro-glucoside 32 showed 
only ~10% of oxidized product in the same reaction time. Clearly, the 
electronegative fluoride substituent deactivates the substrate significantly. 




benzoquinone but in incomplete conversion of starting material. Besides the 
expected 3-keto product, the rearranged product was also observed, which 
explains the large consumption of benzoquinone. This rearrangement is unique 
in that it has not yet been observed for glycosides with the glucose configuration. 
Formation of this side product can be explained by looking at the dipole 
moments of cyclic α-fluoro ketones.14 The equatorial fluoride directly next to the 
formed ketone has its dipole aligned with that ketone (Scheme 11, structure 39-
4C1). This destabilizes this conformation, forcing it to ring flip. Upon ring flip, the 
equatorial fluoride adopts an axial orientation (with just a minimal energy 
penalty due to the small size of F) thereby minimizing the dipole moment 
(Scheme 11, structure 39-1C4). As consequence of the ring flip, the substrate 
becomes predisposed to intramolecular lactol formation and concomitant  
overoxidation and rearrangement.  
 
 
Scheme 11. Minimizing the dipole moment in 39. 
The oxidation of 4-fluoro-galactoside 31 under the same conditions was 
studied next, to evaluate the difference between an equatorial or axial electron 
withdrawing substituent. Whereas 32 with an equatorial fluoride was amenable 
to oxidation, 31 with an axial fluoride didn’t show any conversion after 5 h. To 
assure that the lack of oxidation was not caused by impurities in 31 that inhibited 
the catalyst, a competition experiment between 4-fluoro-galactoside 31 and 
methyl α-D-glucoside (19) was performed. Impurities should not only inhibit the 
oxidation of 31, but also hamper the oxidation of 19. Methyl α-D-glucoside (19) 
was cleanly and efficiently oxidized within 30 min in the presence of 4-fluoro-
galactoside 31 and therefore it can be concluded that 4-fluoro-galactoside 31 is 
less reactive than 4-fluoro-glucoside 32. This corroborates the results with 
galactosides and glucosides and underlines the effect of the orientation of the 
electron withdrawing group on the oxidation rate. We argue that the axial 
substituent on C2 or C4 can give hyperconjugation onto the antibonding orbital 
of the C3-H bond. This results in the elongation and weakening of the C-H bond 
which in turn facilitates β-hydride elimination in the oxidation reaction. The 
higher the efficiency of the hyperconjugation by the axial substituent next to the 
C3-H, the faster the oxidation proceeds, and a vicinal C-H bond is more involved 
in hyperconjugation than a C-OH, which in turn is more effective than a C-F 
bond.15 This trend is also clearly reflected in the oxidation experiments in which 








Figure 2. Hyperconjugation of axial substituents in the adjacent C-H antibonding orbital. 
With this hypothesis, it also becomes apparent why the substrates methyl 
α-D-alloside (20) and 1,6-anhydro-β-D-galactose (22) show an oxidation rate 
comparable to methyl α-D-glucoside (19). For alloside 20, there is no overlap of 
the antibonding orbital of the (now equatorial positioned) C-H bond with one of 
the adjacent hydroxyl’s. However, the equatorial C-H antibonding orbital does 
have an overlap with the C1-C2 and the C4-C5 bond. This hyperconjugation 
results in weakening of the C-H bond, thereby activating it as in the case of 
methyl α-D-glucoside. For 1,6-anhydro-β-D-galactoside (22), the equatorial C3-H 
is also overlapping with the C1-C2 and the C4-C5 bond. This shows that cis or 
trans-di-equatorial diols do not affect the rate due to chelation, but rather that the 
rate is controlled by these electronic effects (Scheme 12).  
 
 
Scheme 12. Hyperconjugation in 20 and 22. Only shown for C1-C2 hyperconjugation. 
Having established the importance of electronic effects on the rate of 
oxidation, the attention was focused on unravelling the factors that contribute to 
the C3-selectivity. Of the functional groups present in pyranosides, the effect of 
two groups, the substitution of the anomer and the ring oxygen had not yet been 
probed. 
Next, we decided to study the effect of the substituent at the anomeric 
position using 1,2-dideoxy-D-glucopyranose (42), since previous studies already 
had demonstrated that the C2-OH is not required for selective oxidation9. To this 






Scheme 13. Hydrogenation of D-glucal. 
When subjecting 1,2-dideoxy-D-glucopyranose (42) to the oxidation reaction, 
both the 3-keto product and the 3,4-diketo product were observed. This once 
again validates the hypothesis that the removal of substituents results in a 
smaller energy difference between the different ring conformations. This in turn 
facilitates intramolecular lactol formation and subsequent  overoxidation. As is 
the case for other substrates that are prone to  overoxidation (see Chapter 4), 
lowering the benzoquinone loading to 1 equiv. effectively prevented further 
reactions yielding the 3-keto product in 74% selectivity. These results 
demonstrate that the anomeric substituent does not play a role in the selectivity 
at all. Furthermore, as shown before, the orientation of that substituent (when 
not involved in chelation) is not relevant for the regioselectivity as well.9 
Only one functionality remained which could influence the selectivity, 
namely the ring oxygen. By substituting the (electron withdrawing) endocyclic 
oxygen for a methylene unit, its effect on the selectivity and rate of the oxidation 
reaction could be studied. The carba analogue of 1-deoxy-glucose was kindly 
provided by Dr. J.D.C. Codee from the University of Leiden. Oxidizing 
carbasugar 43 with 1 equiv. of benzoquinone resulted in full conversion of the 
starting material with the formation of three products. Careful NMR analysis 
showed that these products were the result of an unselective oxidation of the 3 
secondary hydroxy groups.  The three products were formed an a 1 : 2 : 1 ratio 
(C2 : C3 : C4 oxidation) (Figure 3). Clearly, the regioselectivity of the oxidation 
reaction in pyranosides depends on the ring oxygen. We argue that the endocylic 
oxygen has a polarizing effect on the ring carbons, either through bond, through 
space or both. As a consequence, the adjacent positions are less electron rich and 
therefor deactivated towards the β-hydride elimination. C3, being the furthest 
away from the ring oxygen, is least affected and thus also least deactivated 
(Figure 4). According to this hypothesis, in principal each hydroxyl group in a 
given glycoside is deactivated towards β-hydride elimination and all 
pyranosides should therefore be less reactive than their corresponding 
carbasugars. To test this, methyl α-D-glucoside (19) and carbasugar 43 were 
oxidized in a competition reaction. Carbacycle 38 was oxidized preferentially 
over methyl α-D-glucoside (remaining starting material ratio methyl α-D-
glucoside (19) : carbasugar (43) = 4 : 1). Indicating that the ring oxygen is indeed  






deactivating the system towards the oxidation reaction and also steering the 
selectivity. 
 Understanding now the origin of the selectivity and the connected rate 
difference, we were also interested to see whether there would be a rate 
difference between cyclic and linear polyols. Here one could expect that the 
conformational freedom in a linear polyol could affect the rate of oxidation. By 
performing a competition reaction between the linear substrate glycerol and the 
“deactivated” methyl α-D-glucoside the effect on the oxidation rate can be 
studied.  If the conformational freedom in glycerol would affect the rate of 







































oxidation, a comparable rate to the “deactivated” methyl α-D-glucoside could be 
expected. Oxidizing a mixture of methyl α-D-glucoside (19) and glycerol indeed 
resulted in a mixture of both oxidized compounds (product ratio methyl 3-keto-
α-D-glucoside: dihydroxyacetone = 1.3 : 1). Knowing that the cyclic counterpart 
of glycerol, carbacycle 43, shows an increased rate of oxidation compared to 
methyl α-D-glucoside, the conclusion can be drawn that linear substrates oxidizes 
with a lower rate compared to their cyclic counterparts as they show a 
comparable rate to the (deactivated) glucoside. 
Summarizing the results obtained throughout this thesis and the work 
previously published by the Waymouth group and us, the following rules can be 
formulated as a working model for the regioselectivity and reactivity.  
1) In terms of oxidation rate:  
a. secondary alcohols of a vicinal diol > secondary alcohols > 
primary alcohols. 
b. Cyclic vicinal diol > linear vicinal diol 
2) The ring oxygen in glycosides dictates the regioselectivity, the position 
furthest away is most electron rich and therefor preferentially oxidized. 
3) Hyperconjugation into the antibonding orbital of the C-H results in 
weakening of that C-H bond which facilitates oxidation.  
4) Changes in the magnitude of hyperconjugation results in observed rate 
differences between glycosides. Hyperconjugation of a C-H > C-OH > C-
F bond in weakening the adjacent C-H bond towards oxidation. 
5) Trans di-axial diols retard the rate of oxidation based on unfavourable 
chelation with the catalytic system. 
6) Steric hindrance around the alcohol slows down the rate of oxidation. 
For this model, it is important to note that these rules are applicable for 
oxidations in DMSO at room temperature. However, based on the results 
reported by Waymouth, it seems that this model also translates to other solvents 
and temperatures. One should just always take into account that elevated 
temperatures can give rise to more side product formation, such as the small 
amounts of C4-keto product observed in the NMR study done by Waymouth 
(performed in CD3CN : D2O 10:1 at 50 °C).12 
First of all, these rules can now be used to understand in retrospect the 
results previously obtained. In Chapter 3, we described for the first time the  
overoxidation/rearrangement reaction. The oxidation at C1 in β-glucose may 
seem counter-intuitive considering the deactivation via the electron withdrawing 
effect of the ring oxygen (Figure 4). The C1 position should be the most 
deactivated, which is the case for α-glucose in which no oxidation was observed 
at the C1 position. However, in the case of β-glucose an equal rate of oxidation 
for the C3 or C1 position was observed. Here, hyperconjugation of the ring-




oxygen should also be taken into account. For β-glucose, in which the anomeric 
hydrogen is in the axial position, it is possible for the ring oxygen to give 
hyperconjugation into the antibonding C-H orbital, just like in the case of the 
anomeric effect (Figure 5, structure 45). This results in an elongated and weaker 
C-H bond and therefore the required β-hydride abstraction proceeds with more 
ease. Apparently, this hyperconjugation overrules the inductive electron 
withdrawing effect of the ring oxygen. Hyperconjugation with the C-H bond is 
not possible in α-glucose and therefore the selectivity is dictated by the electron 
withdrawing effect of the ring oxygen.  
  
 
Figure 5. Hyperconjugation on the anomeric position. 
As discussed in the introduction, the oxidation of cyclohexane diols 
reported by Waymouth et al. shows selectivity for the axial hydroxyl group, a 
phenomenon we didn’t understand until now. Considering the 
hyperconjugation in the different substituents, it becomes apparent that for the 
equatorial OH, the axial hydrogen only receives minimal activation from the 
adjacent axial hydroxyl function (Figure 6, structure 46). In the case of the axial 
OH, the equatorial hydrogen benefits significantly more from hyperconjugation 
by the overlapping C-C bonds (Figure 6, structure 47). This results once again in 
a weaker C-H bond and therefore in selective oxidation of the axial alcohol.  
 
 
Figure 6. Hyperconjugation in cyclohexanediols 46 & 47. 
With this predictive model in hand, it is concluded that to a large extend 
the selectivity of the oxidation reaction is determined by the electronic effects in 
the glycoside itself and not due to the nature of the catalyst. Selective oxidation 
of the C3-OH of pyranosyl monosaccharides should therefore also be feasible 




complex substrates, straightforward oxidation methods will be less feasible 
compared to the palladium catalysed reaction because this catalyst steers the 
selectivity also by sterics and chelation. Testing a variety of different oxidation 
methods on methyl α-D-glucoside (19) however proved unfruitful (Table 1, entry 
1-11). No or little conversion was observed for most of the used oxidation 
systems, presumably due to an inherent insufficient reactivity of the applied 
reagents. Being, in most cases, developed to give selective oxidation of secondary 
alcohols in the presence of primary alcohols, these reagents have been selected to 
be not too active, and deactivated substrates such as methyl α-D-glucoside are 
consequently not oxidized. The results are congruent with a sole report, back in 
1957, that describes the chromium trioxide oxidation of methyl α-D-glucoside. 
Although mainly starting material was recovered, the main product that could 
be identified was C3-keto 29 (in 4.5% yield) next to even considerably smaller 
amounts of the 2-keto and 4-keto products.17 The paper was never referred to. 
We also tried to oxidize methyl α-D-glucoside (19) with the method 
developed for the selective oxidation of the anomeric position in glucose, namely  
Table 1. Overview of tested secondary selective oxidation methods on methyl α-D-glucoside. 
 
# Ref. Reagents Result 
1 19 Dess-Martin periodinane 
oxidation primary 
OH 
2 20 NaBrO3, NaHSO3 No Conversion 
3 21 KBrO3, KHSO4 Very low conversion 
4 22 4-OMe-PhB(OH)2, DBIa , K2CO3 Very low conversion 
5 23 Pyr-SO3, Et3N No conversion 
6 - PCC No conversion 
7 24 FeOTf2, di-(2-picolyl)amine, H2O2 Very low conversion 
8 25 CuCl2/neocuproine, H2O2 Very low conversion 
9 - CuCl2, t-BuOOH No conversion 
10 26 Oxone, trifluoroacetone, NaHCO3 No conversion 
11 27 
Mn(ClO4)2, pyridine-2-carboxylic 
acid, butanedione, NaOAc, H2O2 
No conversion 
12 16 Bromine, NaHCO3 
~15% conversion, 
12% isolated yield 
a DBI: Dibromoisocyanuric acid 




bromine in combination with NaHCO3.16 Although the conversion was low 
(~15%), isolation of the major product proved to be C3-keto 29 in 12% yield (Table 
1, entry 12). This underlines that it is indeed possible to oxidize the C3 position 
selectively with other oxidation methods. Unfortunately, attempts to further 
optimize this reaction were unsuccessful. This is most likely due to the complex 
nature of the oxidation species when bromine in water is used.18 
Inspired by the excellent regioselectivities in this oxidation, our group 
recently demonstrated the feasibility of regioselective alkylation of 
carbohydrates building on the work of MacMillan regarding the selective C-H 
functionalization of alcohols (see Scheme 13 for an overall reaction and Scheme 
15 for the mechanism belonging to this reaction).28 During the optimization of the 
reaction conditions, it was observed that when the somophile (in Scheme 14, 49) 
 
 
Scheme 14. General scheme of C-H alkylation of alcohols via selective C-H activation. 
was omitted, C3-oxidation of methyl α-D-glucoside (19) was the major product 
(~10% conversion). From this point, we started to investigate if we could increase 
the conversion by varying the reaction conditions. When the DMSO-d6 was not 
degassed the reaction still proceeded (Table 3, entry 1). Based on this observation 
we attempted the reaction under an atmosphere of oxygen. Although an increase 
in conversion was observed, these results proved to be irreproducible and yields 
varied between 10 – 30% (Table 3, entry 2).  When performing the reaction under 
oxygen, the formation of a new deuterated compound appeared, that turned out 
to be dimethylsulfone, the oxidation product of DMSO. To study whether the 
DMSO was playing a role in the oxidation, the effect of the solvent was 
investigated. Because methyl α-D-glucoside is not soluble in most organic 
solvents, 1,2-propanediol 51 was chosen as a model substrate. Oxidizing 51 in 
either DMSO or in acetonitrile gave in both cases oxidation of the secondary 
position with ~12% conversion (Scheme 15), excluding a specific solvent effect in 






Scheme 15. DMSO plays no specific role in the photo oxidation 
Next, we investigated the effect of the hydrogen bonding agent, dihydrogen 
phosphate. Excluding this from the reaction mixture did not change the 
conversion (Table 2, entry 3), which corroborates the observation made by 
MacMillan et al. for the alkylation reaction. In the reactions reported by 
MacMillan, a lower rate and only a small decrease in yield was observed (84% 
with and 67% without H2PO4) when the hydrogen bonding agent was excluded 
during the alkylation of alcohols. According to the mechanism (Scheme 16), after 
excitation of the iridium catalyst a Single Electron Transfer (SET) from the 
quinuclidine to the iridium catalyst takes places. The resulting quinuclidine 
radical cation can now abstract a hydrogen (Hydrogen Atom Transfer) of the 
substrate, which results in a carbon radical next to the hydroxyl group. To verify 
whether the currently observed oxidation reaction follows a similar mechanism, 
the quinuclidine was excluded (Table 3, entry 4). In this case, no conversion was 
observed, clearly showing the importance of this reagent in the catalytic cycle. To 
test whether the conversion was limited by the loading of the catalytic system (Ir-
cat, quinuclidine and NBu4H2PO4), its loading was doubled. This resulted in a 
doubling of the conversion (Table 2, entry 5). The same was the case when  
Table 2. Optimization of the reaction conditions for the photoredox oxidation of 19. 
 
Entry Variations NMR Yielda 
1 DMSO not degassed ~12% 
2 Under oxygen atmosphere ~30% 
3 No H2PO4 ~15% 
4 No quinuclidine n.r. 
5 Double quinuclidine and NBu4H2PO4 ~15% 
6a double catalyst loading ~30% 
7a quadruple catalyst loading ~60% 
8a 10x catalyst loading >90% 
a Catalyst loading consist of Ir-cat, quinuclidine and NBu4H2PO4 




the loading of the catalytic system was quadrupled; the conversion quadrupled 
as well (from 15% to 60%). To see whether we could obtain full conversion, the 
catalytic system was taken in 10-fold, and indeed the 3-keto product was 
observed as the major product with full conversion of the starting material (Table 
2, entry 8). It seems that throughout the reaction the catalyst is degrading, or the 
ligands act as an electron sink, to result eventually in the oxidation of the alcohol. 
Although there isn’t yet an unambiguous answer to how this oxidation reaction 
works, it seems that the C3 radical is an intermediate. However, how this radical 
is then further oxidized to the observed ketone is up to now unknown. However, 
the results of this photoredox oxidation in combination with the bromine 
oxidation clearly show that the selective oxidation of pyranosides is not 




Scheme 16. Mechanism of the C-alkylation of alcohols. 
 
5.3 Conclusion 
Palladium/neocuproine catalysed oxidation has proven to be a highly 
effective method for the selective oxidation of polyols. This study demonstrates 
that the observed rate differences between glycosides result from 
hyperconjugation with the antibonding orbital of the C3-H and not from selective 
chelation to either cis or trans-equatorial diols. The weakening of the C-H bond 





di-axial diols do show a decreased rate of oxidation resulting from unfavourable 
chelation with the catalyst. The study of different substrates with regard to 
regioselective oxidation showed that the substituent at the anomeric position has 
no effect on the selectivity. However, the ring oxygen proved to be a crucial 
element to obtain selectivity. Oxidizing the carbacycle analogue of 1-deoxy-
glucose showed no selectivity for one of the three secondary alcohols. Based on 
this it is concluded that, as the ring oxygen has an electron withdrawing effect 
through the ring, the C3 position being the furthest away is the most electron 
rich. Therefore, selective oxidation is observed at that position. Based on the 
results obtained throughout this thesis and the work previously done by us and 
Waymouth a working model for the regioselectivity was developed. Based on 
this model, the regioselectivity is to a large extend controlled by the electronic 
effects present in the glycoside itself and not by the catalyst. This was shown to 
be correct by employing different oxidation methods. Bromine in combination 
with aqueous NaHCO3 proved to give selective oxidation, albeit with low 
conversion. Furthermore, photocatalytic oxidation showed also to be able to 
oxidize glucosides selectively on the C3 position.  
 
5.4 Experimental Section 
5.4.1 General information 
Solvents and Reagents 
All solvents used for reactions were of commercial grade, and used without 
further purification. Reagents were purchased from Sigma-Aldrich, Acros and 
were used without further purification. [(Neocuproine)PdOAc]2OTf2 and methyl 
2,3,6-tri-O-benzyl-4-deoxy-α-D-xylo-hexo-pyranoside were prepared according 
to the literature procedure.29,30 
 
5.4.2 General procedure 
Standard oxidation experiment 
Substrate (0.18 mmol, 1 equiv.) and benzoquinone (0.54 mmol, 3 equiv.) were 
dissolved in DMSO-d6 (600 µl, 0.3 M) and transferred to an NMR tube. T1 was 
determined, followed by an NMR spectrum at t=0 to determine the ratio of 
DMSO : starting material. [(Neocuproine)PdOAc]2OTf2 (4.5 µmol, 2.5 mol%) was 
added to the NMR tube and mixed. Upon full conversion, the selectivity was 
determined and product characterized by 1H- and 13C-NMR. 
 
  




5.4.3. Synthesis procedure 
Synthesis of the starting materials 
 
Methyl 3,4,6-tri-O-acetyl-2-deoxy-α-D-galactopyranoside (10)  
To a mixture of tri-O-acetyl-D-galactal (1 g, 3.7 mmol, 1 eq) and 
dry methanol (450 μl, 11 mmol, 3 eq) in dry dichloromethane (18 
ml, 0.2 M) was added triphenylphosphine hydrobromide (63 mg, 
0.18 mmol, 5 mol%). The resulting solution was stirred for 4 h at 
rt. Upon complete conversion (monitored by TLC, eluent 30% EtOAc/pentane), 
the reaction mixture was quenched by the addition of saturated aq. NaHCO3 (25 
ml). Layers were separated and the organic layer was washed with brine (1 x 25 
ml), dried over magnesium sulfate, filtered and concentrated in vacuo. The crude 
material was purified by silica column chromatography (eluent: 20% 
EtOAc/pentane) to yield the α-anomer as a white solid (670 mg, 2.2 mmol, 60%). 
1H NMR (400 MHz, CDCl3) δ 5.15 (d, J = 3.0 Hz, 1H), 5.09 (ddd, J = 12.4, 5.1, 3.0 
Hz, 1H), 4.74 (d, J = 2.4 Hz, 1H), 4.00 – 3.89 (m, 3H), 3.19 (s, 3H), 1.97 (s, 3H), 1.95 
– 1.84 (m, 4H), 1.81 (s, 3H), 1.70 (ddt, J = 12.7, 5.1, 1.2 Hz, 1H). 13C NMR (101 MHz, 
CDCl3) δ 170.1, 170.0, 169.6, 98.2, 66.4 , 66.3, 65.9, 62.2 , 54.6, 29.9, 20.5, 20.4, 20.4. 
Characterization matches the literature.31 
 
 
Methyl 2-deoxy-α-D-galacatoside (11)  
To a solution of methyl 3,4,6-tri-O-acetyl-2-deoxy-α-D-
galactopyranoside (670 mg, 2.20 mmol, 1 eq) in dry methanol (7.3 
ml, 0.3 M) was added a small sliver of sodium. The resulting 
solution was stirred for 3.5 h at rt. Upon complete conversion 
(monitored by TLC, eluent 30% EtOAc/pentane), the reaction mixture was 
quenched by the addition of Amberlite H+. After stirring for 15 min, the solution 
was filtered over a piece of cotton wool and the resin washed thoroughly with 
methanol. The resulting solution was concentrated in vacuo to yield the product 
as a white powder (377 mg, 2.12 mmol, 96%). 1H NMR (400 MHz, CD3OD) δ 4.76 
(d, J = 3.6 Hz, 1H, H1), 3.87 (ddd, J = 12.0, 5.1, 3.0 Hz, 1H, H3), 3.73 (d, J = 3.1 Hz, 
1H, H4), 3.71 – 3.60 (m, 3H, H5 + H6ab), 3.29 (s, 3H, OMe), 1.89 (td, J = 12.4, 3.8 Hz, 
1H, H2a), 1.72 (ddt, J = 12.8, 5.1, 1.2 Hz, 1H, H2b). 13C NMR (101 MHz, CD3OD) δ 
99.9 (C1), 72.2 (C5), 69.4 (C4), 66.5 (C3), 63.1 (C6), 55.0 (OMe), 33.5 (C2). HRMS 








Methyl 2,3,6-tri-O-benzyl-4-deoxy-4-triflate-D-glucopyranoside (34)  
To an oven-dried flask equipped with a stirring bar was added 
methyl-2,3,6-tri-O-benzyl-D-glucopyranoside (1.3 g, 3.0 mmol, 1 
eq), dry pyridine (1.9 ml, 25 mmol, 8.2 eq) and dry 
dichloromethane (15 ml, 0.2 M). The resulting solution was cooled 
down to -20 °C followed by the dropwise addition of triflic anhydride (1.0 ml, 6.0 
mmol, 2 eq). The reaction was allowed to reach room temperature at which it was 
stirred for an additional 30 min. Upon complete conversion (monitored by TLC, 
eluent 40% EtOAc/pentane), the reaction mixture was diluted with 
dichloromethane (60 ml) and washed with 1 M aq. HCl (60 ml), sat. NaHCO3 (60 
ml), water (60 ml) and finally with brine (60 ml). The dichloromethane was dried 
over magnesium sulfate, filtered and concentrated in vacuo. The resulting 
product was used crude in the next step. 1H NMR (400 MHz, CDCl3) δ 7.42 – 7.27 
(m, 15H), 5.04 (t, J = 9.6 Hz, 1H), 4.96 (d, J = 10.2 Hz, 1H), 4.85 (d, J = 10.2 Hz, 1H), 
4.76 (d, J = 12.0 Hz, 1H), 4.61 – 4.55 (m, 3H), 4.49 (d, J = 11.6 Hz, 1H), 4.07 (t, J = 9.4 
Hz, 1H), 3.98 (ddd, J = 10.0, 3.5, 2.2 Hz, 1H), 3.71 (dd, J = 11.0, 2.2 Hz, 1H), 3.66 
(dd, J = 11.0, 3.5 Hz, 1H), 3.61 (dd, J = 9.6, 3.5 Hz, 1H), 3.40 (s, 3H) 13C NMR (101 
MHz, CDCl3) δ 149.9, 137.8, 137.6, 137.5, 128.7, 128.4, 128.4, 128.3, 128.3, 128.1, 
127.9, 127.9, 127.8, 98.0, 81.4, 80.2, 78.0, 75.6, 73.8, 73.8, 67.8, 67.6, 55.8. 
Characterization matches the literature.32 
 
Methyl 2,3,6-tri-O-benzyl-4-deoxy-4-fluoro-α-D-galactopyranoside (35)  
To an oven-dried flask equipped with a stirring bar was added 
crude methyl 2,3,6-tri-O-benzyl-4-deoxy-4-triflate-D-
glucopyranoside (3.0 mmol, 1 eq) and dry THF (12 ml, 0.25 M). 
TBAF (3.3 ml, 3.3 mmol, 1 M in THF) was added dropwise to the 
solution. Upon addition of the TBAF, a color change from yellow to red/orange 
was observed. The reaction was stirred at room temperature for 16 h. Upon 
complete conversion (monitored by TLC, eluent 20% EtOAc/pentane), the 
reaction mixture was concentrated in vacuo. The residue was dissolved in 
dichloromethane (30 ml) and washed with brine (2 x 6 ml), dried over 
magnesium sulfate, filtered and concentrated in vacuo. The crude material was 
further purified by silica column chromatography (eluent: 20% EtOAc/pentane) 
to yield the product as a white solid (1.08 g, 2.3 mmol, 77% over two steps). 1H 
NMR (400 MHz, CDCl3) δ 7.55 – 6.85 (m, 15H), 4.85 (dd, J = 50.5, 1.8 Hz, 1H, H4), 
4.84 (d, J = 12.0 Hz, 1H, PhCH), 4.78 (d, J = 11.8 Hz, 1H, PhCH), 4.74 (d, J = 11.9 
Hz, 1H, PhCH), 4.68 – 4.64 (m, 2H, 2 x PhCH), 4.55 (d, J = 11.9 Hz, 1H), 4.50 (d, J 
= 11.9 Hz, 1H), 3.96 – 3.82 (m, 3H, H2, H3, H5), 3.68 (dd, J = 9.6, 6.9 Hz, 1H, H6a), 
3.61 (ddd, J = 9.5, 6.3, 1.3 Hz, 1H, H6b), 3.37 (s, 3H, OMe) 13C NMR (101 MHz, 
CDCl3) δ 138.2, 138.1, 137.8 (3 x C-quart.), 128.3, 128.3, 127.9, 127.7, 127.6, 127.6, 




127.6, 127.5 (C-arom.), 98.6 (C1), 87.4 (d, JC,F = 182.6 Hz, C4), 75.9 (d, JC,F = 17.6 Hz, 
C3), 75.7 (d, JC-F = 1.8 Hz, C2), 73.7, 73.4, 72.5 (3 x OCH2Ph), 68.0 (d, JC,F = 4.6 Hz, 
C6), 67.85 (d, JC,F = 17.4 Hz, C5) 55.4 (OMe). 
Characterization matches the literature.33  
 
Methyl 4-deoxy-4-fluoro-α-D-galactopyranoside (31)  
To a solution of methyl 2,3,6-tri-O-benzyl-4-deoxy-4-fluoro-α-D-
galactopyranoside (1.07 g, 2.3 mmol, 1 eq) in a mixture of 
acetone/methanol (1:8, 9 ml, 0.3 M) was added Pd/C 10 w/w% (245 
mg, 0.23 mmol, 10 mol%). The reaction flask was put under a 
hydrogen atmosphere and stirred at room temperature for 18 h. Upon complete 
conversion (monitored by TLC, eluent 30% Et2O/pentane), the reaction mixture 
was filtered over celite and the celite was washed with methanol. The resulting 
solution was concentrated in vacuo and further purified by silica column 
chromatography (eluent: 10% MeOH/CH2Cl2) to yield the product as a white 
solid (330 mg, 1.68 mmol, 73%). 1H NMR (400 MHz, CDCl3) 4.83 – 4.65 (m, 1H, 
H4), 4.73 (d, J = 3.2 Hz, 1H, H1), 3.87 – 3.81 (m, 1H), 3.80 – 3.72 (m, 2H), 3.72 – 3.64 
(m, 2H), 3.42 (s, 3H) 13C NMR (101 MHz, CD3OD) δ 101.3 (C1) , 91.1 (d, JC,F = 179.7 
Hz, C4), 70.15 (C2), 70.04 (d, J = 16.5 Hz, C3), 70.0, 61.3 (d, J = 6.1 Hz, C6), 55.8 
(OMe). 19F NMR (376 MHz, CD3OD) δ -79.98. HRMS (ESI) calculated for 
C7H13FO5Na ([M+Na]+): 219.064, found: 219.064. 
 
Methyl 2,3,6-tri-O-benzoyl-4-deoxy-4-triflate-D-galactopyranoside (37)  
To an oven-dried flask equipped with a stirring bar was added 
methyl-2,3,6-tri-O-benzoyl-D-galactopyranoside (1 g, 2 mmol, 1 
eq), dry pyridine (640 μl, 7.9 mmol, 4 eq) and dry dichloromethane 
(10 ml, 0.2 M). The resulting solution was cooled down to -20 °C 
followed by the dropwise addition of triflic anhydride (670 μl, 3.95 mmol, 2 eq). 
The reaction was allowed to reach room temperature at which it was stirred for 
an additional 30 min. Upon complete conversion (monitored by TLC, eluent 30% 
EtOAc/pentane), the reaction mixture was diluted with dichloromethane (40 ml) 
and washed with 1 M HCl (40 ml), sat. NaHCO3 (40 ml), water (40 ml) and finally 
with brine (40 ml). The dichloromethane was dried over magnesium sulfate, 
filtered and concentrated in vacuo. The resulting product was used crude in the 
next step. 1H NMR (400 MHz, CDCl3) δ 8.08 – 7.92 (m, 6H), 7.63 – 7.29 (m, 9H), 
5.95 (dd, J = 10.8, 2.9 Hz, 1H), 5.65 – 5.54 (m, 2H), 5.29 (d, J = 3.8 Hz, 1H, H1), 4.70 
(dd, J = 11.2, 6.6 Hz, 1H, H6a), 4.59 (t, J = 6.8 Hz, 1H), 4.35 (dd, J = 11.2, 7.0 Hz, 1H, 
H6b), 3.47 (s, 3H, OMe). 13C NMR (101 MHz, CDCl3) δ 166.0, 165.8, 165.8, 133.9, 
133.7, 133.7, 130.2, 130.0, 129.9, 129.2, 129.0, 128.7, 128.6, 128.6, 128.5, 97.6, 83.0, 




Methyl 2,3,6-tri-O-benzoyl-4-deoxy-4-fluoro-α-D-glucopyranoside (38)  
To an oven-dried flask equipped with a stirring bar was added 
crude methyl 2,3,6-tri-O-benzoyl-4-deoxy-4-triflate-D-
galactopyranoside (1.97 mmol, 1 eq) and dry THF (7.2 ml, 0.25 M). 
TBAF (2 ml, 2 mmol, 1 M in THF) was added dropwise to the 
solution. Upon addition of the TBAF, a color change from yellow to red/orange 
was observed. The reaction was stirred at room temperature for 16 h. Upon 
complete conversion (monitored by TLC, eluent 20% EtOAc/pentane), the 
reaction mixture was concentrated in vacuo. The residue was dissolved in 
dichloromethane (18 ml) and washed with brine (2 x 9 ml), dried over 
magnesium sulfate, filtered and concentrated in vacuo. The crude material was 
further purified by silica column chromatography (eluent: 20% EtOAc/pentane) 
to yield the product as a white solid (367 mg, 0.72 mmol, 37% over two steps). 1H 
NMR (400 MHz, CDCl3) δ 8.12 (d, J = 7.5 Hz, 1H), 8.02 (ddd, J = 9.9, 8.1, 1.5 Hz, 
2H), 6.19 (dt, J = 14.2, 9.7 Hz, 0H), 5.27 (dd, J = 10.3, 3.6 Hz, 1H), 5.21 (t, J = 3.4 Hz, 
0H), 4.94 – 4.69 (m, 1H), 4.64 (dd, J = 12.2, 5.1 Hz, 0H), 4.41 – 4.31 (m, 1H), 3.45 (s, 
1H). 13C NMR (101 MHz, cdcl3) δ 166.0, 165.7, 165.5, 133.4, 133.2, 133.2, 129.9, 
129.7, 129.6, 128.4, 128.4, 128.3, 96.8, δ 87.4 (d, J = 188.0 Hz), 71.4 (d, J = 7.7 Hz), 
70.5 (d, J = 19.8 Hz), 67.1 (d, J = 23.1 Hz), 62.6, 55.5.  
Characterization matches the literature.35 
 
Methyl 4-deoxy-4-fluoro-α-D-glucopyranoside (32)  
Methyl 2,3,6-tri-O-benzoyl-4-deoxy-4-fluoro-α-D-glucopyranoside 
(575 mg, 1.13 mmol, 1 eq) was dissolved in dry methanol (4 ml, 0.3 
M). To the resulting solution was added a small sliver of sodium. 
The reaction mixture was stirred at room temperature for 16 h 
Upon complete conversion (monitored by TLC, eluent 10% EtOAc/pentane), the 
reaction mixture was quenched by the addition of Amberlite H+, filtered and the 
resin was thoroughly washed with methanol and concentrated in vacuo. The 
crude material was further purified by silica column chromatography (eluent: 
10% MeOH/CH2Cl2) to yield the product as a white solid (105 mg, 0.54 mmol, 
47%). 1H NMR (400 MHz, CD3OD) δ 4.68 (t, J = 3.5 Hz, 1H, H1), 4.22 (dt, J = 51.3, 
8.9 Hz, 1H, H4), 3.85 (dt, J = 16.0, 9.2 Hz, 1H, H3), 3.78 (dd, J = 10.1, 2.4 Hz, 1H, 
H6a), 3.71 – 3.65 (m, 2H, H5, H6b), 3.44 (m, 1H, H2), 3.41 (s, 3H, OMe).13C NMR 
(101 MHz, CD3OD) δ 101.0 (d, JC,F = 1.6 Hz, C1), 90.7 (d, JC,F = 180.6 Hz, C4), 73.1 
(d, JC,F = 14.0 Hz, C3), 72.9 (d, JC,F = 4.3 Hz, C2), 70.9 (d, JC,F = 24.2 Hz, C5), 61.6 (C6), 
55.7 (OMe) . 19F NMR (376 MHz, CD3OD) δ -199.2 (dd, J = 52.0, 16.0 Hz). HRMS 
(ESI) calculated for C7H13FO5Na ([M+Na]+): 219.064, found: 219.064. 
 
 





To a solution of D-glucal (1 g, 6.8 mmol, 1 eq) in a mixture of 
THF/MeOH (34 ml, 1 : 3.5, 0.2 M) was added Pd/C (73 mg, 0.68 
mmol, 10 mol%). The resulting suspension was put under a 
hydrogen atmosphere and stirred for 6 h at rt. Upon complete conversion 
(monitored by TLC, eluent 20% MeOH/CH2Cl2), the reaction mixture was 
directly filtered over a patch of celite. The filtrate was concentrated in vacuo and 
further purified by silica column chromatography (eluent: 10% MeOH/CH2Cl2) 
to yield the product as a white powder (776 mg, 5.24 mmol, 77%) 1H NMR (400 
MHz, CD3OD) δ 3.82 (ddd, J = 11.7, 5.0, 1.6 Hz, 1H), 3.74 (dd, J = 11.8, 2.2 Hz, 1H), 
3.54 (dd, J = 11.8, 5.5 Hz, 1H), 3.43 (ddd, J = 11.2, 8.1, 5.0 Hz, 1H), 3.34 (td, J = 12.2, 
2.1 Hz, 1H), 3.11 – 2.99 (m, 2H), 1.81 (dt, J = 13.1, 3.4 Hz, 1H), 1.57 – 1.42 (m, 1H). 
13C NMR (101 MHz, CD3OD) δ 82.4, 74.1, 73.6, 66.6, 63.2, 35.1. 
Characterization matches the literature.36 
 
Methyl α-D-alloside (15) 
To a mixture of methyl α-D-glucose (1 g, 5.2 mmol, 1 equiv.) and 
benzoquinone (835 mg, 7.73 mmol, 1.5 equiv.) in DMSO (5 ml, 1.0 
M) was added [(2,9-dimethyl-1,10-phenanthroline)-Pd(μ-
OAc)]2(OTf)2 (54 mg, 51.5 μmol, 1 mol%). The reaction mixture 
was stirred at rt for 1.5 h. Upon complete conversion (monitored by TLC, eluent 
15% MeOH/CH2Cl2), the reaction mixture was directly used for the successive 
reduction step. The reaction mixture was diluted with water (2:1 DMSO/water 
solvent). A cold solution of NaBH4 (195 mg, 5.15 mmol, 1 equiv.) in water (2.5 
mL) was added dropwise to the reaction mixture at 0 °C and the solution stirred 
for 1.5 h. When the reaction showed complete conversion as indicated by TLC, 
Amberlite H+ was added to quench the reaction. The reaction was filtered, the 
resin washed with water and the resulting solution was lyophilized. The crude 
material was further purified by silica column chromatography (eluent: 20% 
MeOH/CH2Cl2) to yield the product as a brown oil (430 mg, 2.2 mmol, 43%). 1H 
NMR (400 MHz, CD3OD) δ 4.66 (d, J = 3.8 Hz, 1H), 3.96 (appt, J = 3.3 Hz, 1H), 3.85 
– 3.76 (m, 1H), 3.72 – 3.62 (m, 2H), 3.57 (appt, J = 3.7 Hz, 1H), 3.44 (dd, J = 9.6, 3.2 








Methyl 2-deoxy-3-keto-α-D-galactoside (12)  
Oxidized according to the general procedure. Methyl 2-deoxy-α-D-
galactoside 6 (21 mg, 0.12 mmol, 1 equiv.), benzoquinone (13 mg, 
0.12 mmol, 1 equiv.) and [(neocuproine)PdOAc]2OTf2 (3 mg, 3 µmol, 
2.5 mol%) were dissolved in DMSO-d6 (400 µl, 0.3 M) and reacted 
for 45 min.  
Conversion of starting material: 49% 
Selectivity towards the 3-ketone 10: 24% (49% based on conversion) 
Selectivity towards the diketone 14: 15% (31% based on conversion) 
Due to overlapping signals, the selectivity was determined based on the H1 and 
H2 signals which were isolated. 
 
Oxidation of 1,6-anhydro-β-D-glucose (21) 
Oxidized according to the general procedure. 
1,6-anhydro-β-D-glucose 21 (19.5 mg, 0.12 
mmol, 1 equiv.), benzoquinone (13 mg, 0.12 
mmol, 1 equiv.) and 
[(neocuproine)PdOAc]2OTf2 (3 mg, 3 µmol, 2.5 
mol%) were dissolved in DMSO-d6 (400 µl, 0.3 M) and reacted for 30 min.  
Conversion: 66% 
Selectivity towards the 3-ketone 23: 35% (53% based on conversion) 
Selectivity towards diketone 27/28: 16% (24% based on conversion) 
NMR data 3-keto 23: 
1H NMR (400 MHz, DMSO-d6) δ 5.40 (s, 1H, H1), 4.58 (d, J = 5.6 Hz, 1H, H5), 3.93 
(s, 1H, H2), 3.90 (d, J = 8.1 Hz, 1H, H6a), 3.72 (s, 1H, H4), 3.67 (t, J = 6.8 Hz, 1H, 
H6b). 13C NMR (101 MHz, DMSO-d6) 206.2 (C3), 104.1 (C1), 78.6 (C5), 75.6 (C2), 
75.3 (C4), 66.7 (C6) 
NMR data diketo 27/28: 
1H NMR (400 MHz, DMSO-d6) δ 5.64 (s, 1H, H1), 5.08 (d, J = 6.0 Hz, 1H, H5), 4.05 
(s, 1H) (H6 overlapping with 3-keto) 13C NMR (101 MHz, DMSO-d6) 194.2 
(ketone), 190.5 (ketone), 104.7 (C1), 79.5 (C5), 75.3, 66.5 
 
Oxidation of 1,6-anhydro-β-D-galactose (22) 
Oxidized according to the general procedure. 1,6-anhydro-β-D-
galactose 22 (19.5 mg, 0.12 mmol, 1 equiv.), benzoquinone (13 mg, 
0.12 mmol, 1 equiv.) and [(neocuproine)PdOAc]2OTf2 (3 mg, 3 µmol, 
2.5 mol%) were dissolved in DMSO-d6 (400 µl, 0.3 M) and reacted 
for 40 min.  
Conversion: 83% 




Selectivity towards the 3-ketone 30: 68% (82% based on conversion) 
1H NMR (400 MHz, DMSO-d6) δ 5.44 (d, J = 2.0 Hz, 1H, H1), 4.69 (t, J = 5.0 Hz, 1H, 
H5), 4.44 (d, J = 5.3 Hz, 1H, H4), 3.70 (d, J = 7.8 Hz, 1H, H6b), 3.63 (d, J = 2.1 Hz, 
1H, H2), 3.52 (dd, J = 7.7, 4.9 Hz, 1H, H6a). 13C NMR (101 MHz, DMSO-d6) δ 206.5 
(C3), 102.4 (C1), 75.9 (C5), 75.4 (C2), 72.8 (C4), 63.9 (C6). 
 
Oxidation of 4-eq-fluoride (32)  
Oxidized according to the general procedure. 
Methyl 4-deoxy-4-fluoro-α-D-glucopyranoside 22 
(23.5 mg, 0.12 mmol, 1 equiv.), benzoquinone (13 
mg, 0.12 mmol, 1 equiv.) and 
[(neocuproine)PdOAc]2OTf2 (3 mg, 3 µmol, 2.5 
mol%) were dissolved in DMSO-d6 (400 µl, 0.3 M) and reacted for 16 h.  
Difficult Integration of 1H-NMR. Estimation of selectivity 
Conversion: ~60% 
Selectivity towards the 3-ketone 39: ~30% 
Selectivity towards the rearrangement 53: ~30% 
Products partially characterized by 1H-NMR due to severe overlap, full 
characterization given in 13C-NMR. 
NMR data 3-keto-4-fluoro 39: 
1H NMR (400 MHz, DMSO-d6) δ 5.14 (ddd, JH4-F = 48.0, JH4-H5 = 9.7, JH4-H2 = 1.4 Hz, 
1H, H4), 4.98 (dd, JH1-H2 = 4.2, JH1-F = 1.7 Hz, 1H, H1), 4.33 (dappt, JH2-H1 = 4.3, JH2-F, 
H2-H4 = 1.0 Hz, 1H, H2). 13C NMR (101 MHz, DMSO-d6) δ 201.15 (d, JC,F = 12.5 Hz, 
C3), 102.0 (C1), 87.55 (d, JC,F = 165.7 Hz, H4), 74.8 (C2), 72.3 (d, JC,F = 23.6 Hz, C5), 
59.8 (C6), 54.9 (OMe) 
NMR data rearrangement product 53: 
1H NMR (400 MHz, DMSO-d6) δ 5.19 (d, JH3-F = 53.9 Hz, 1H, H3), 4.84 (ddd, JH5-F = 
12.0, JH5-H6a = 2.3, JH5-H6b = 1.3 Hz, 1H, H5), 4.77 (s, 1H, H1), 4.26 (dappt, JH6b-F, H6b-H6a 
= 11.5, JH6a-H5 = 1.3 Hz, 1H, H6a), 4.11 (ddd, JH6a-H6b = 11.5, JH6b-F = 6.6, JH6b-H5 = 1.3 Hz, 
1H, H6b).13C NMR (101 MHz, DMSO-d6) δ 170.9 (d, J = 10.4 Hz, C6), 102.7 (C1), 
89.5 (d, JC,F = 174.7 Hz, C3), 80.7 (d, JC,F = 16.5 Hz, C2), 76.0 (d, JC,F = 18.3 Hz, C4), 
71.2 (d, JC,F = 9.6 Hz, C4), 56.3 (OMe). 
 
3,4-diketo-1,2-dideoxy-D-glucose (54)  
Oxidized according to the general procedure. 1,2-dideoxy-D-glucose 42 
(18 mg, 0.12 mmol, 1 equiv.), benzoquinone (39 mg, 0.36 mmol, 3 
equiv.) and [(neocuproine)PdOAc]2OTf2 (3 mg, 3 µmol, 2.5 mol%) were 
dissolved in DMSO-d6 (400 µl, 0.3 M) and reacted for 30 min.  
Selectivity towards the diketone 54: 52%  




Difficult Integration of NMR, characterization took place via the 13C NMR 
spectrum. The selectivity was determined based on the H5 signal. 
13C NMR (101 MHz, DMSO-d6) δ 193.9 (ketone), 191.4 (ketone), 87.1 (C5), 62.8 
(C1), 61.4 (C6), 42.0 (C2). 
 
3-keto-1,2-dideoxy-D-glucose (55) 
Oxidized according to the general procedure. 1,2-dideoxy-D-glucose 
42 (18 mg, 0.12 mmol, 1 equiv.), benzoquinone (13 mg, 0.12 mmol, 1 
equiv.) and [(neocuproine)PdOAc]2OTf2 (3 mg, 3 µmol, 2.5 mol%) 
were dissolved in DMSO-d6 (400 µl, 0.3 M) and reacted for 30 min.  
Selectivity towards the desired product: 74%  
1H NMR (400 MHz, DMSO-d6) δ 4.12 (ddd, J = 8.6, 7.4, 3.7 Hz, 1H, H1b), 3.97 (dd, 
J = 10.0, 1.4 Hz, 1H, H4), 3.68 (dd, J = 11.8, 1.8 Hz, 1H, H6a), 3.57 – 3.48 (m, 2H, 
H6b, H1a), 3.23 (ddd, J = 10.0, 5.2, 1.9 Hz, 1H, H5), 2.70 (td, J = 13.2, 7.4 Hz, 1H, 
H2a), 2.26 (d, J = 14.0 Hz, 1H, H2b). 13C NMR (101 MHz, DMSO-d6) δ 207.7 (C3), 
84.1 (C5), 73.6 (C4), 66.2 (C1), 61.4 (C6), 41.4 (C2). 
 
Oxidation of methyl α-D-alloside (20)  
Oxidized according to the general procedure. Methyl α-D-alloside 
20 (28 mg, 0.14 mmol, 1 equiv.), benzoquinone (15.6 mg, 0.144 
mmol, 1 equiv.) and [(neocuproine)PdOAc]2OTf2 (3.8 mg, 3.6 
µmol, 2.5 mol%) were dissolved in DMSO-d6 (480 µl, 0.3 M) and 
reacted for 30 min.  
Selectivity towards the desired product: 90%  
1H NMR (400 MHz, DMSO-d6) δ 4.95 (d, J = 4.2 Hz, 1H), 4.30 (dd, J = 4.3, 1.5 Hz, 
1H), 4.08 (dd, J = 9.7, 1.5 Hz, 1H), 3.69 (dd, J = 11.9, 2.0 Hz, 1H), 3.60 (dd, J = 11.9, 
4.9 Hz, 1H), 3.47 (ddd, J = 9.9, 5.0, 1.8 Hz, 1H), 3.27 (s, 3H). 13C NMR (101 MHz, 
DMSO-d6) δ 206.2, 102.2, 75.4, 74.7, 72.0, 60.8, 54.5. 
Characterization matches literature.9 
 
  




Oxidation of carbacylce (43)  
Oxidized according to the general 
procedure. Carbacycle 43 (19.5 mg, 0.12 
mmol, 1 equiv.), benzoquinone (13 mg, 
0.12 mmol, 1 equiv.) and 
[(neocuproine)PdOAc]2OTf2 (3 mg, 3 
µmol, 2.5 mol%) were dissolved in DMSO-d6 (400 µl, 0.3 M) and reacted for 45 
min.  
Selectivity towards the 2-keto 43-2: ~22% 
Selectivity towards the 3-keto 43-3: ~40% 
Selectivity towards the 4-keto 43-2: ~38% 
Products partially characterized by 1H-NMR, full characterization given in 13C-
NMR. 
NMR data 2-keto 43-2:  
1H NMR (400 MHz, DMSO-d6) δ 3.94 (d, J = 8.8 Hz, 1H, H3, overlaps with H3 of 
43-4), 3.71 – 3.64 (m, 1H, H6a, overlaps with H6a of 43-4), 3.39 (dd, J = 10.4, 6.6 Hz, 
1H, H6b), 3.14 (apt, J = 9.8 Hz, 1H, H4) 13C NMR (101 MHz, DMSO-d6) δ 208.9 (C2), 
80.6 (C3) 75.5 (C4), 61.93 (C6), 44.3 (C5), 38.2 (C1), 31.4 (C7, overlaps with C1 of 
27-4). 
NMR data 3-keto 43-3:  
1H NMR (400 MHz, DMSO-d6) δ 4.12 (ddd, J = 12.2, 6.6, 1.7 Hz, 1H, H2) 3.88 (dd, 
J = 9.3, 1.4 Hz, 1H, H4), 3.57 (dd, J = 10.4, 2.8 Hz, 1H, H6a), 3.46 (dd, J = 10.5, 5.4 
Hz, 1H, H6b) 2.15 (dtt, J = 15.8, 6.5, 2.8 Hz, 1H, H1) 13C NMR (101 MHz, DMSO-
d6) δ 211.1 (C3), 81.5 (C4) 73.5 (C2), 61.88 (C6), 49.3 (C5), 34.9 (C1), 22.9 (C7). 
NMR data 4-keto 43-4:  
1H NMR (400 MHz, DMSO-d6) δ 3.94 (d, 8.8 Hz, 1H, H3, overlaps with H3 of 43-
2), 3.71 – 3.64 (m, 1H, H6a, overlaps with H6a of 43-2), 3.35 – 3.26 (m, 2H, H2 + 
H6b) 13C NMR (101 MHz, DMSO-d6) δ 209.0 (C4), 75.4 (C2), 74.3 (C3), 59.6 (C6), 
49.9 (C5), 31.4 (C1, overlaps with C7 of 43-2), 24.5 (C7). 
 
General procedure of the photo-oxidation: 
A 4-mL glass vial equipped with a Teflon septum and magnetic stir bar was 
charged with Ir[dF(CF3)ppy]2(dtbbpy)PF6 (2.8 mg, 2.5 μmol, 1 mol%), methyl α-
D-glucoside (48.5 mg, 0.25 mmol, 1 equiv.), quinuclidine (2.8 mg, 0.025 mmol, 10 
mol%) and tetra-n-butylammonium phosphate (21 mg, 0.063 mmol, 25 mol%). 
The mixture was dissolved in DMSO-d6 and the vial was sealed and placed 
approximately 10 cm away from a Kessil®LED illuminator (model H150 blue). 
The reaction mixture was stirred and irradiated for 24 h. The internal 




approximately 25 cm underneath the vial. After 24 h the conversion was 
monitored by 1H-NMR. 
Selectivity towards the desired product: 12%. 
1H NMR (400 MHz, DMSO-d6) δ 4.95 (d, J = 4.2 Hz, 1H), 4.30 (dd, J = 4.3, 1.5 Hz, 
1H), 4.08 (dd, J = 9.7, 1.5 Hz, 1H), 3.69 (dd, J = 11.9, 2.0 Hz, 1H), 3.60 (dd, J = 11.9, 
4.9 Hz, 1H), 3.47 (ddd, J = 9.9, 5.0, 1.8 Hz, 1H), 3.27 (s, 3H). 13C NMR (101 MHz, 
DMSO-d6) δ 206.2, 102.2, 75.4, 74.7, 72.0, 60.8, 54.5. 
Characterization matches literature.9 
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Summary, conclusion and outlook 
In this chapter, an overview of the obtained results of this thesis is given. The most 
important results are shown and discussed, followed by an overview of possible 





6.1 Summary and conclusion 
The research described in this thesis aimed to expand the scope, to 
understand the reactivity and to elucidate the origin of the selectivity of the 
palladium catalysed oxidation of carbohydrates. Based on the outcome of these 
studies, a working model has been developed that enables to predict the outcome 
of the oxidation reaction of complex polyol’s.  
 
In Chapter 1, a literature overview is given of the recent advances in the 
selective oxidation of the secondary hydroxyl group in vicinal diols. The focus in 
this chapter lies on the newer methods based on chelation, that show an increase 
in selectivity and activity compared to older methods.   
 
Chapter 2 describes the application of Waymouths cationic palladium 
catalyst in the regioselective oxidation of unprotected (1→4)-linked glucans. 
Functionalization of the anomeric position with an azide followed by oxidation, 
results in a single oxidation product. Column chromatography on silica failed for 
these highly polar compounds, however, chromatography on charcoal allows for 
purification on a synthetically useful scale. Careful NMR studies of the obtained 
keto products shows that in each case the C3-OH of the terminal glucose residue 
is exclusively oxidized. This results in oligosaccharides functionalized at the 
respective ends of the molecule. Like PEG chains, (1→4)-linked glucans have 
shown to stabilize proteins, and the synthesized molecules may serve as spacers 
for the preparation of protein-drug conjugates. The applicability of these (1→4)-
linked glucans as linker molecules was demonstrated in the conjugation of a 
cysteine mutant of 4-oxalocrotonate tautomerase with biotin (see Figure 1). In 
addition, (1→4)-linked glucans, may well be used as molecular rulers and 




Figure 1. β-D-ketomaltoheptaosyl azide-biotin linked to 4-OT. 
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In Chapter 3, the scope of the palladium catalysed oxidation of 
carbohydrates is extended further towards reducing sugars. Dissolving α-D-
glucose in pure DMSO prevents mutarotation, and oxidizing the monosaccharide 
under these conditions results selectively in 3-keto α-D-glucose. The palladium 
catalyst is able to single out the secondary hydroxyl group at C3 in glucose, 
circumventing oxidation of the more readily accessible hydroxyl at C6 and the 
more reactive anomeric hydroxyl.  Direct reduction in the same pot yields either 
D-allose or allitol, depending on the reaction conditions applied. Purification via 
charcoal and chelation chromatography resulted in NMR pure products. The 
same methodology is also applicable to N-acetyl-2-deoxy-glucosamine and 
yields the 3-keto N-acetyl-2-deoxy-glucosamine. These results demonstrate that 
glucose and N-acetyl glucosamine, the most readily available carbohydrates, can 
be versatile substrates in homogeneous catalysis. However, when this 
methodology is applied to β-D-glucose, the expected 3-keto product is not 
obtained selectively. Oxidizing α-glucose at elevated temperatures (~40 °C) or 
oxidizing gluconolactone, gives the same product as the oxidation of β-glucose 
with excess benzoquinone. In the end, upon oxidation of 13C6-glucose at 40 °C, 
NMR analysis showed that we had obtained rearranged product 2 (Scheme 1). 
We propose that both C1-OH and C3-OH are oxidized, followed by subsequent 
oxidation of the 2 position. Successive alpha ketol rearrangement, induced by 





Scheme 1. Oxidation of β-D-glucose leads to rearranged bislactone 2. 
With the aim to extend our regioselective oxidation method to more 
complex oligosaccharides, we studied the reactivity of differently substituted 




experiments and analysed using qNMR The observed selectivity of the terminal 
position in oligosaccharides was studied first. By oxidizing C4-THP protected 
glucoside, to mimic oxidation of internal glucose residues of 1,4-glucans more 
closely, it became apparent that the oxidation of internal glucosides in 
oligosaccharides is still possible. A competition experiment with methyl α-D-
glucoside showed however a significant rate difference favouring oxidation of 
methyl α-D-glucoside.  To verify that chelation with a free C4-OH is not a 
necessity for fast and efficient oxidation, 4-deoxy-glucoside 7 was also prepared 
and tested. Oxidizing this compound led however not to the expected 3-keto 
product. NMR analysis proved that the rearranged lactone 8 was formed 
(Scheme 2), like the product observed in the oxidation of β-glucose. By lowering 
the benzoquinone loading to 1 equiv,  overoxidation can be prevented and the 3-
keto product is selectively obtained.  
 
 
Scheme 2. Observed rearrangement in the oxidation of methyl 4-deoxy glucose 7. 
Performing a competition reaction with methyl α-D-glucoside, showed that there 
is no significant rate difference between the two, indicating that a free C4-OH is 
not required for fast and selective oxidation. The observed rate difference 
between oxidation of an internal and the terminal residue in oligoglucosides is 
therefore fully controlled by sterics. However, deoxygenation of the C4-OH 
position proved to result in a significant amount of  overoxidation. The crucial 
point in the  overoxidation/rearrangement steps is the ring flip to give the 
required hemiacetal for further oxidation. The energy difference between the 
different ring conformers is lowered by deoxygenation or the presence of axial 
substituents. Therefor we re-tested mannosides, galactosides and xylosides in the 
oxidation reaction, substrates which showed previously to give not the expected 
3-keto product. It was indeed revealed that mannosides, galactosides and 
xylosides all give this rearranged side product as the major oxidation product 
after prolonged oxidation time. Lowering the benzoquinone loading was 
effective for xyloside to prevent overoxidation, but this was not the case for 
methyl α-D-mannoside and methyl β-D-galactoside. By blocking the primary 
hydroxyl group in methyl α-D-mannoside with a TIPS group, hemiacetal 
formation is prevented and  overoxidation inhibited. Competition experiments 
between glucoside & mannoside and glucoside & galactoside showed that in 
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both cases the glucoside is oxidized preferentially. These differences in reaction 
rate may be exploited for the selective oxidation of complex oligosaccharides.  
 
Inspired by the results in Chapter 4, we further investigated the reactivity 
differences of the palladium-catalysed oxidation method in Chapter 5.  Based on 
the observed rate difference for glycosides bearing an axial hydroxyl we looked 
further into the effect of chelation and electronics and how this affects the rate of 
oxidation. To isolate the effect of chelation, methyl 2-deoxy-α-D-galactoside, that 
only bears a cis diol, was prepared. Oxidizing this compound and comparing this 
rate with methyl β-D-galactoside, which still has the more “favourable” trans diol, 
revealed no significant rate difference. To further look into the effect of chelation, 
1,6-anhydro-β-D-glucose, which only contains trans di-axial diols, was oxidized. 
In this case, a more pronounced rate difference favouring the oxidation of methyl 
α-D-glucoside was observed in the competition reaction. These results indicate 
that chelation with a trans di-axial diol does affect the oxidation rate, but the 
chelation to a cis diol doesn’t. Because the observed rate differences for 
galactosides/mannosides could not be explained taking just chelation into 
account, electronic effects were studied next. For this, 4-fluoro-glucoside and 4-
fluoro-galactoside where both prepared. Oxidizing 4-fluoro-glucoside already 
showed a significantly lower rate compared to methyl α-D-glucoside, and the 
effect for 4-fluoro-galactoside was even more drastic. Even after 5 h, no 
conversion was observed at all, indicating the rate is strongly influenced by the 
stereochemistry of the electron withdrawing substituent. Based on these 
observations, we hypothesize that hyperconjugation of the axial substituent with 
the antibonding orbital of C3-H elongates and weakens this C-H bond. The 
higher the efficiency of the hyperconjugation by the axial substituent next to the 
C3-H, the faster the oxidation proceeds, and a vicinal C-H bond is more involved 




Figure 2. Hyperconjugation of axial substituents. 
Next to this, we were still puzzled by the regioselectivity of the reaction, 
in short; why does oxidation take place invariably at C3, independent of the 




the reaction had not yet been studied, namely the substituent on the anomeric 
position and the ring oxygen. Experiments with substrates that contain different 
substituents on the anomeric position revealed that this group neither affects the 
rate nor the selectivity. However, the ring oxygen has a significant effect. 
Oxidizing the carbacycle 9 analogue of 1-deoxy-glucose, led to no observable 
selectivity for on the three secondary alcohols (Scheme 3). 
 
 
Scheme 3. Oxidation of the carbacycle analogue of 1-deoxy-glucose. 
We argue that the endocylic oxygen has a polarizing effect on the ring carbons, 
either through-bond, through-space or both. As a consequence, the adjacent 
positions are less electron rich and therefor deactivated towards the β-hydride 
elimination. C3, being the furthest away from the ring oxygen, is least affected 
and thus also least deactivated (Figure 3). 
Based on the combined results of Chapter 4 and 5, it can be concluded that the 
electronic nature of the glycoside itself, rather than the catalyst, determines the 
selectivity of the oxidation reaction. We demonstrated that this is indeed the case 
by oxidizing methyl α-D-glucoside with bromine. Albeit with low conversion, 
selective oxidation of the C3 position was observed. Furthermore, a novel 
oxidation method was developed based on photoredox chemistry. The major 
product of this oxidation method proved also to be the C3-keto. 
Summarizing the results obtained throughout this thesis and the work 
previously published by the Waymouth group and us, the following rules can be 
formulated as a working model for the regioselectivity and reactivity. 













1) In terms of oxidation rate:  
a. secondary alcohols of a vicinal diol > secondary alcohols > 
primary alcohols. 
b. Cyclic vicinal diol > linear vicinal diol 
2) The ring oxygen in glycosides dictates the regioselectivity, the position 
furthest away is most electron rich and therefor preferentially oxidized. 
3) Hyperconjugation with the antibonding orbital of the C-H results in 
weakening of that C-H bond which facilitates oxidation.  
4) Changes in the magnitude of hyperconjugation results in observed rate 
differences between glycosides. Hyperconjugation of a C-H > C-OH > C-
F bond in weakening the adjacent C-H bond towards oxidation. 
5) Trans di-axial diols retard the rate of oxidation based on unfavourable 
chelation with the catalytic system. 
6) Steric hindrance around the alcohol slows down the rate of oxidation. 
 
With this set of rules, the regioselectivity of previously reported oxidation 
reactions can now be explained. For example in the case of N-acetylneuraminic 
acid oxidation (Figure 4), published by the group of Waymouth,1 4 hydroxyl 
moieties can in principle be oxidized. OH1 is part of a hemiketal and cannot be 
further oxidized. Based on our working model, it becomes clear that OH2 would 
oxidize only slowly because it is not part of a diol. Of the remaining triol, OH4 is 
most likely to be oxidized according to the working model. It is part of a vicinal 
diol, is secondary and furthest away from the ring oxygen. OH5, although even 
further removed from the ring oxygen is a primary hydroxyl group and displays 
drastically reduced reactivity in the oxidation reaction. OH3 is also part of a diol 
and a secondary hydroxyl group but closer to the ring oxygen and therefor its 
rate of oxidation will be retarded. This explains the reported selective oxidation 
of the OH4 with 49% isolated yield of the resulting ketone.  
 
 
Figure 4. N-acetylneuraminic acid methyl ester with the hydroxyl groups numbered. 
The same set of rules can also be applied to more complex saccharides such as 
aminoglycosides. Analysis of neomycin B, a substrate in the oxidation reaction 
that has been reported in the thesis of Manuel Jäger,2 reveals that there are six 




hydroxyl groups are not considered because of their lower reactivity) (Figure 5). 
Of these, oxidation of OH2 is most likely according to the working model. OH3 
and OH4 are both part of a sterically congested 1,2 hydroxyl-ether motif. OH5 
and OH6 are part of a trans-diaxial 1,2 diol which displays a drastically reduced 
reactivity in the oxidation reaction. Only OH1 and OH2 remain and like in any 
other glucosyl substrate involved so far, OH1 being closer to the ring oxygen is 
therefore deactivated for the oxidation. OH2 being further away from the ring 
oxygen will therefor show the fastest rate of oxidation. Considering the results as 
reported by Manuel Jäger, Boc-protected neomycin B displays selective oxidation 
of the OH 2 and the product isolated in 41% yield. 
 
 
Figure 5. Hydroxyls present in protected neomycin B. 
 
6.2 Outlook 
Although a working model for the selectivity & reactivity of the 
oxidation reaction has now been developed, the effect of chelation and sterics 
should be investigated in more detail. Especially with respect to the oxidation of 
oligosaccharides as described in Chapter 2. In Chapter 4, we describe that the 
selectivity for the terminal glucoside residue over internal residues 
predominantly results from the steric hindrance around the internal glucoside 
residues. Even though this hypothesis is valid, it has not yet been studied 
whether a substituted diol (for example, C3-OH, C4-OR) can still chelate and 
oxidize with the same efficiency. To study whether a mono-substituted diol can 
effectively chelate and be oxidized, mono-substituted 1,2-propanediol may be 
prepared. Preferably, a methyl group should be chosen to minimize steric 
hindrance. Although the alkylation of the alcohol will also change the electronic 
structure of the compound, this will be minimal and still can give insights into 
the reactivity. 





Scheme 4. Mono-substitution of 1,2-propanediol. 
Reaction of 1,2-propanediol (10) with methyl iodide in presence of ferric 
perchlorate has been reported to yield the desired product 11 in high yield 
(Scheme 4).3 Oxidation of this compound and competition experiments can give 
insight in the reactivity of this substrate. Competition experiments with 1,2 
propanediol will reveal whether blocking one of the hydroxyl groups affects the 
rate of oxidation. If this proves to be the case, a competition with isopropyl 
alcohol should be performed next. If an equal rate is observed in this second 
competition reaction, it would mean that a functionalized alcohol is no longer 
able to chelate and that the remaining hydroxyl group behaves as an isolated 
alcohol. If a higher rate is observed, this would indicate that chelation is still 
possible. This information is crucial when predicting selectivity’s in complex 
polyol’s.  
The next step in this field would be the application of this oxidation 
method to more complex oligosaccharides. With the current understanding of 
the reaction, we can start to predict where the oxidation reaction will take place. 
An interesting opportunity for this methodology is the regioselective oxidation 
of terminal glucose residues in the presence of other terminal glycosides. This 
can be achieved due to the observed rate difference between glucosides and 
glycosides containing an axial substituent.  However, this rate difference has only 
been measured in a competition experiment and not yet in model substrates 
containing both glucoside and galactoside terminal residues. Trisaccharide 12 
may be prepared as a model compound to study whether the observed 








For the synthesis of trisaccharide 12, readily available methyl α-D-glucoside (13) 
can be selectively protected as a benzylidene acetal followed by acetylation.4 
Reductive opening of the benzylidene acetal yields C6-OH 15.5 Glycosylation 
with acetobromo-α-D-galactoside results in disaccharide 16. Hydrogenation of 
the benzyl results in the free C4-OH. Now glycosylation with acetobromo-α-D-
glucoside yields the protected trisaccharide 18. Deprotection with sodium 
methanolate in methanol, yields the desired trisaccharide 12 (Scheme 5). 
 
Scheme 5. Preparation of trisaccharide 12. Reaction conditions: i) Benzaldehyde dimethyl acetal 
(2 equiv), CSA (1 mol%), 90 °C, 1h. ii) Ac2O, pyridine, r.t. 18 h. iii) BH3·THF (3 equiv), Bu2BOTf 
(1.2 equiv), CH2Cl2 (0.17 M), 0 ° C, 1 h iv) acetobromo-α-D-galactoside (2 equiv), AgOTf (2.2 
equiv), 4 Å mol sieves, DCM. v) Pd/C (10 mol%), H2, MeOH. vi) acetobromo-α-D-glucoside (2 
equiv), AgOTf (2.2 equiv), 4 Å mol sieves, DCM. vii) NaOMe, methanol  
With trisaccharide 12, the reactivity of the different terminal glycosides can be 
studied. Oxidation should be performed with 1 equiv of benzoquinone to prevent  
overoxidation. Analysis by qNMR is the most straightforward way to analyze the 
oxidation reaction. One can expect that the glucoside residue oxidizes selectively 





Scheme 6. Oxidation of a trisaccharide. 
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As a further application of this methodology, the regioselective oxidation 
can be used for the synthesis of rare sugars. Oxidation, reduction and hydrolysis 
of C6-trityl galactoside 20 could result in the formation of D-gulose. The same 
procedure on C6-trityl mannoside 21 could yield D-altrose. Note that in both 
cases it is crucial that the α-anomer is applied to obtain good selectivity in the 
reduction step (Scheme 7). D-altrose is an unnatural monosaccharide and D-
gulose is rarely found in nature. In both cases, protecting the C6 position prevents 
intramolecular attack and prevents  overoxidation. To further prevent 
rearrangment/ overoxidation, the oxidation can be performed with the 
deuterated catalyst under an oxygen atmosphere.6 In combination with the 
synthesis route already shown for D-allose, this method enables the synthesis of 
multiple rare sugars via simple oxidation reduction pathway. 
 
 
Scheme 7. Synthesis of rare sugars via an oxidation/reduction pathway. 
With the C3-oxidation studied extensively, next the tin-catalysed 
oxidation of axial alcohols should be studied more extensively. Already shown 
in 1983 to be highly effective with galactosides,7 this method required at that time 
the use of stoichiometric tin. Recently, Muramatsu reported on the tin-catalysed 
oxidation of unprotected glycosides (Scheme 8).8 
 
 
Scheme 8. Regioselective oxidation at C4 in methyl galactoside. 
This methodology could be an excellent addition to the toolbox of the 
carbohydrate chemist for the regioselective modification of glycosides and 
especially oligosaccharides. However, the studies on tin-catalysed oxidation 




that the catalyst oxidizes glycosides containing axial alcohols, such as 
galactoside, more efficiently then glucosides, however it has not been shown 
whether this is due to a rate difference as observed in our case. 
To successfully apply this method as complementary to ours, also here a full 
understanding of the reactivity is required. The reactivity of the tin catalyst 
towards differently substituted glycosides should be compared. Here, 
competition experiments can again be effectively applied to determine rate 
differences. Furthermore, as known for tin chemistry, differences in chelation 
should also be taken into account. Oxidizing the synthesized trisaccharide and/or 
methyl lactoside can then be used as model substrate. If this oxidation method 
shows indeed an enhanced rate for the oxidation of galactosides it can be used 
complementary to our oxidation method. First oxidizing and modifying the C3-
position of the terminal glucoside residue followed by the oxidation and 
functionalization of the C4-position of the galactoside residue. In this way two 
different functionalities may easily be introduced with high selectivity (Figure 7). 
 
 
Figure 7. Functionalization of two specific positions in a trisaccharide.  
To summarize, methods have now been developed to selectively oxidize 
the C3-OH,9 the C4-OH8 and the C6-OH10 in pyranosides. Using either palladium, 
tin or TEMPO-based oxidation methods, high selectivity has been obtained for 
the desired position in monosaccharides. However, methods to obtain selectively 
the C2-keto product have not yet been reported. A potential route would be the 
selective oxidation of 2-amino-glycosides. Selective oxidation of this amine to the 
imine and subsequent hydrolysis would provide an easy entry into C2-keto 
sugars. In 1969, Corey already reported an efficient oxidation method (de facto a 
trans-amination) for amines to ketones.11 Reaction of the amine with 3,5-di-
tertbutyl-l,2-benzoquinone (DTBBQ) followed by hydrolysis under acidic 
conditions results in the corresponding ketone in high yields (Scheme 9). 
 




Scheme 9. Oxidation and hydrolysis of an amine to yield the ketone. 
This method has also been used in the total synthesis of tritium labeled 
valiolone12 (Scheme 10)  and even on sugar derivatives.13–15 However, in the case 
of carbohydrate oxidation, the scope has been limited and poorly studied. The 
application of this reaction could be further studied on carbohydrates as the 
methodology is straightforward and easily applied. 
 
 
Scheme 10. The synthesis of valiolone via oxidation/hydrolysis of the amine. 
An alternative method to synthesize 2-keto-sugars via amino-2-deoxy-
glycosides is via photoredox oxidation. Throughout the recent years, photoredox 
chemistry has shown a considerable development. Using readily available 
catalysts, it is possible to selectively oxidize amines to imines. This methodology 
has been effectively applied on tetrahydroisoquinolines, benzylic amines and 
aliphatic amines.16–18 The reaction proceeds via a single electron transfer (SET) of 
the amine to the catalyst. Hydrogen atom abstraction by a suitable oxidant, 
results in the formation of the desired imine. Hydrolysis results then in the 
formation of the carbonyl (Scheme 10). Although a number of different literature 
procedures have been reported, these methods have not yet been applied on 
amino-alcohols. To apply these methods in the oxidation of amino-2-deoxy-
glycosides, a number of conditions, such as the catalyst, (co)-oxidant and solvents 







Scheme 81. Photoredox oxidation of amines. 
An interesting opportunity for oxidation of amino-glycosides lies in the 
modification of neuraminic acids. A recent report shows the deamination via a 
multistep synthesis to yield 2-keto-3-deoxy-nonic acid (Kdn) derivatives.19  
Modification of the amine position has shown to be beneficial in the development 
of sialidase inhibitors. Selective oxidation of the amine to the imine and 
subsequent hydrolysis to ketone 30 opens up possibilities for different 
functionalization pathways (Scheme 12). 
 
 
Scheme 12. Preparation of 2-keto-3-deoxy-nonic acid 30 from neuraminic acid. 
Finally, the observed oxidation/rearrangement reaction described in 
Chapter 3 and 4 may find use in the modification of existing aminoglycoside 
antibiotics. The resulting five-membered ring possessing a tertiary alcohol has 
already been found in natural occurring antibiotics,20 so it could potentially be an 
interesting target for further derivatization of aminoglycosides. However, the 
rearrangement is mostly observed for deoxygenated glycosides or glycosides 
containing an axial substituent. To see if the rearrangement can also take place 
with glucosides, the oxidation should be repeated on methyl α-D-glucoside at 
elevated temperatures (~40 °C) to see if the rearrangement can be accelerated. If 
this proves to be the case, similar reaction conditions can be applied to 
aminoglycosides. Kanamycin A or amikacin would be a good starting point due 
to the lack of additional diols present that may oxidize. If successful, structures 
such as 31, 32 and 33 can be obtained in a simple operation (Scheme 13). 




Scheme 13. Structures obtained after rearrangement in aminoglycosides. 
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Suikers, oftewel koolhydraten, vormen uitstekende enantio-zuivere 
startmaterialen die veel voorkomend zijn. Ze worden gebruikt voor de synthese 
van medicijnen en natuurstoffen, en als hulpmiddelen in de chemische biologie. 
De grote uitdaging hierin is de selectieve functionalisatie van één van de 
aanwezige alcoholen. Om selectiviteitsproblemen te voorkomen worden vaak 
beschermgroepen gebruikt om zo het alcohol dat gemodificeerd dient te worden 
te isoleren en na functionalisatie kan alles ontschermd worden. Dit kost extra 
stappen en hoe complexer de suiker, hoe complexer ook de 
beschermgroepstrategie wordt. Selectieve functionalisatie is daarom zeer 
gewenst, maar deze methoden zijn nog erg beperkt.  
 
Het doel van dit onderzoek was de verdere ontwikkeling van de 
palladium gekatalyseerde selectieve oxidatie van koolhydraten. Met behulp van 
deze methode kan selectief de C3-OH in een reeks van glucosides worden 
geoxideerd, maar om de methode op andere glycosiden toe te passen was meer 
inzicht in nodig in de reactiviteit en beperkingen. De focus van het onderzoek 
beschreven in dit proefschrift lag daarom op het uitbreiden van de substraten en 
opheldering van de oorsprong van de reactiviteit en de selectiviteit. Gebaseerd 
op de uitkomst van dit onderzoek is er een model ontwikkeld waarmee de 
uitkomst van de oxidatie zelfs in complexere suikers voorspeld kan worden. 
 
Hoofdstuk 1 beschrijft de recente ontwikkelingen in de literatuur op het 
gebied van regioselectieve oxidatie van vicinale diolen. De focus in dit hoofdstuk 
ligt op de nieuwere methodes gebaseerd op chelatie, deze methodes laten een 
verhoogde selectiviteit en activiteit zien vergeleken met oudere varianten. 
 
In Hoofdstuk 2 wordt de toepassing van de regioselectieve oxidatie op 
onbeschermde oligosachariden beschreven. Introductie van een azide groep op 
de anomere positie gevolgd door de palladium gekatalyseerde oxidatie resulteert 
in één enkel product. Deze onbeschermde oligosachariden kunnen effectief 
worden opgezuiverd met behulp van actieve kool chromatografie. In alle 
gevallen waren de eindstandige glucose groepen geoxideerd op de C3 positie. 
Oxidatie resulteert dus in de bis-functionalisatie van oligosachariden op de 
respectievelijke einden van de suikerketen. Aan de ene kant een azide groep (op 
de anomere positie) en op het andere uiteinde een keton (C3 positie). Net als 
PEG-ketens kunnen (1→4)-glucanen ook eiwitten stabiliseren en de 
gesynthetiseerde producten kunnen mogelijk als linkers dienen voor eiwit-
medicijn conjugaten. De toepasbaarheid van deze glucanen als linkers wordt 
gedemonstreerd in de conjugatie van een cysteïne mutant van 4-oxalocrotonaat 






Figuur 1. β-D-ketomaltoheptaosyl azide-biotine gekoppeld aan 4-OT. 
 
Hoofdstuk 3 beschrijft de toepassing van de palladium gekatalyseerde 
oxidatie op reducerende suikers. Door α-D-glucose op te lossen in pure DMSO 
wordt mutarotatie voorkomen. Oxidatie onder deze condities resulteert in de 
selectieve oxidatie van de secondaire alcohol op de C3 positie zonder dat de meer 
toegankelijk primaire alcohol en de oxidatie-gevoelige anomere alcohol reageren. 
Direct na oxidatie kan het ruwe reactiemengsel gereduceerd worden, wat 
resulteert in D-allose of allitol, afhankelijk van de toegepaste reactie condities. 
NMR-zuivere producten worden verkregen door het reactiemengsel op te 
zuiveren met behulp van actieve kool en chelatie chromatografie. Dezelfde 
methodologie kan worden toegepast op N-acetyl-2-deoxy-glucosamine, waarbij 
3-keto N-acetyl-2-deoxy-glucosamine wordt gevormd. Wanneer deze 
methodologie werd toegepast op β-D-glucose, werd het verwachte 3-keto 
product echter niet selectief gevormd. De oxidatie van  
 
 
Schema 1. Oxidatie van β-D-glucose leidt tot bislactone 2. 
 
α-D-glucose bij 40 °C en van gluconolacton met een overmaat benzochinon gaf in 
beide gevallen hetzelfde oxidatieproduct als β-D-glucose. Door 13C6-glucose te 




opgehelderd. Uit de NMR analyse bleek dat product 2 was gevormd (Schema 1). 
Een mogelijke manier waarop dit product vormt is dat zowel C1 en C3 oxideren 
tijdens de reactie. Vervolgens oxideert de C2 positie en hierdoor kan de primaire 
alcohol een nucleofiele aanval doen op de C3-keto. Dit wordt gevolgd door een 
alpha-ketol omlegging wat resulteert in de vorming van het geobserveerde 
product. 
 
Met het doel voor ogen om de selectieve oxidatie toe te passen op meer 
complexe oligosachariden, hebben we in Hoofdstuk 4 de oxidatie van 
verschillende gesubstitueerde substraten bestudeerd om zo meer inzicht te 
krijgen in de reactiviteit. Met behulp van qNMR en NMR competitie-
experimenten werden de effecten van het substitutiepatroon op de 
reactiesnelheden bepaald. De selectiviteit voor de eindstandige C3-OH in de 
oxidatie van oligosachariden werd als eerst bestudeerd. Door C4-THP 
beschermd glucoside te oxideren, kon geconcludeerd worden dat interne 
glucosides nog steeds in staat zijn om te oxideren. Het competitie-experiment liet 
echter wel zien dat C4-THP langzamer oxideert dan methyl α-D-glucoside. Een 
mogelijkheid was dat een vrije C4-OH noodzakelijk was voor een efficiënte 
reactie. Om dit te verifiëren werd C4-deoxy glucoside ook getest in de 
oxidatiereactie. Oxidatie van deze verbinding leidde echter niet tot het 
verwachtte C3-keto product. In plaats hiervan werd lacton 8 verkregen (Schema 
2), vergelijkbaar met het product behaald in Hoofdstuk 2. 
  
 
Schema 2. Geobserveerde omlegging in de oxidatie van methyl 4-deoxy glucose 7. 
 
Door de hoeveelheid benzochinon te verlagen naar 1 equiv kon verdere oxidatie 
voorkomen worden en werd het C3-keto product selectief gevormd. Methyl α-D-
glucoside en C4-deoxy glucoside lieten geen verschil zien in oxidatiesnelheid in 
een competitie-experiment, wat betekent dat een vrije C4-OH niet noodzakelijk 
is voor snelle en efficiënte oxidatie en dat de regioselectiviteit in oligosachariden 
alleen wordt bepaald door sterische hinder. Uit het oxidatie-experiment van C4-
deoxy bleek tevens dat het verwijderen van een groep leidt tot verdere oxidatie. 
De cruciale stap in over-oxidatie is de ring flip die noodzakelijk is om een 
hemiacetaal te vormen, dat vervolgens weer verder kan oxideren. De 
energieverschillen tussen de verschillende ringconformaties wordt verlaagd 




besloten we de volgende verbindingen nogmaals te testen in de oxidatiereactie; 
mannoside, galactoside en xyloside. Deze verbindingen gaven in eerdere 
experimenten niet de verwachte 3-keto producten. Het bleek inderdaad dat alle 
drie de verbindingen het lacton als hoofdproduct gaven na verlengde 
reactietijden (~18 h). Door de hoeveelheid benzochinon te verlagen kon over-
oxidatie voorkomen worden voor xyloside, maar niet voor mannoside of 
galactoside. Door de primaire alcohol van methyl α-D-mannoside te beschermen 
met een TIPS-groep kon vorming van het hemiacetaal voorkomen worden en 
daarmee ook over-oxidatie. Verder bleek uit competitiereacties dat mannosides 
en galactosides langzamer oxideren dan glucosides, deze verschillen kunnen 
wellicht gebruikt worden voor de selectieve oxidaties van glucosides in 
complexere oligosachariden.  
 
Gebaseerd op de waarneming dat glycosiden met een axiale substituent 
langzamer oxideren, besloten we in Hoofdstuk 5 verder onderzoek te doen naar 
het effect van chelatie en elektronische effecten met betrekking tot 
reactiesnelheid. Om het effect van chelatie te isoleren hebben we eerst oxidatie 
van methyl 2-deoxy-α-D-galactoside, wat alleen een cis diol bevat, onderzocht. 
Oxidatie en vergelijking met methyl β-D-galactoside, dat nog wel de “gewenste” 
trans diol bevat, liet zien dat er geen significant verschil zat in oxidatiesnelheid. 
Om verder onderzoek te doen naar het effect van chelatie werd 1,6-anhydro-β-D-
glucose, die alleen trans di-axiale diolen bevat, ook getest. In dit geval was deze 
duidelijk langzamer vergeleken met methyl α-D-glucoside. Omdat deze 
resultaten laten zien dat alleen trans di-axiale diolen de snelheid negatief 
beïnvloeden, en cis diolen niet, moest er verder worden gekeken waarom 
mannoside en galactoside langzamer oxideren. Om het elektronische effect te 
bestuderen werden 4-fluoro-galactoside en 4-fluoro-glucoside getest in de 
oxidatiereactie. De NMR-experimenten met 4-fluoro-glucoside lieten een afname 
in oxidatiesnelheid zien. Dit effect was nog extremer in het geval van 4-fluoro-
galactoside; Dit substraat gaf vrijwel geen oxidatie na 5 h. Dit resultaat gaf aan 
dat de oxidatiesnelheid sterk afhankelijk is van de stereochemie van 
elektronenzuigende groepen. Gebaseerd op deze observaties, werd de volgende 
hypothese geformuleerd. Hyperconjugatie van de axiale substituent met de 
antibindende orbitaal van de C3-H, resulteert in verlenging en verzwakking van 
de C3-H binding. Hoe sterker het effect van hyperconjugatie des te zwakker de 
C3-H binding. Een C-H binding geeft een sterkere hyperconjugatie dan een C-
OH binding. En een C-OH geeft weer meer hyperconjugatie dan een C-F binding 
(Figuur 2). Deze trend komt ook overeen met de waargenomen 





Figuur 2. Hyperconjugatie door axiale substituenten. 
 
Met een verklaring voor het verschil in oxidatiesnelheid, was de selectiviteit voor 
de C3 positie nog niet verklaard. Het effect van twee functionele groepen was tot 
nu toe nog niet bestudeerd, namelijk de substituent op de anomere positie en de 
ringzuurstof. Experimenten met substraten die verschillende substituenten 
bevatten op de anomere positie gaven aan dat deze functionaliteit geen effect 
heeft op de reactiesnelheid en de selectiviteit. Echter, toen we onderzoek deden 
naar het effect van de ringzuurstof bleek deze cruciaal te zijn voor de selectiviteit. 
Oxidatie van de carbacycle analoog van 1-deoxy-glucose leidde tot geen 




Schema 3. Oxidatie van de carbacycle analoog van 1-deoxy-glucose. 
 
We veronderstellen dat de endocyclische zuurstof een polariserend effect op de 
ring koolstofatomen heeft. Hierdoor zijn de posities gelegen naast de 
ringzuurstof minder elektronenrijk en zullen daardoor minder snel β-hydride 
eliminatie ondergaan. C3 ligt het verst weg van de ringzuurstof en is daardoor 
minder sterk gedeactiveerd (Figuur 3).  
 
De resultaten uit hoofdstuk 4 en 5 suggereren dat selectiviteit door de 
glycoside zelf komt en niet zozeer door de katalysator. De conclusie wordt verder 
ondersteund door de uitkomst van de oxidatie van methyl α-D-glucoside met 
broom. Alhoewel de omzetting van deze reactie laag was, was het hoofdproduct 
geoxideerd op de C3 positie. Tevens hebben we een nieuwe oxidatiemethode 





De resultaten in dit proefschrift en de groep van Waymouth kunnen worden 
samengevat in de volgende regels voor de selectiviteit en reactiviteit in de 
palladium gekatalyseerde oxidatie: 
 
1) Aangaande de oxidatiesnelheid 
a. Secundaire alcoholen van een vicinaal diol > secundaire alcoholen > 
primaire alcoholen 
b. Cyclische vicinale diolen > lineaire vicinale diolen 
2) De ringzuurstof in glycosides bepaalt de selectiviteit, de positie het verst 
verwijderd is het meest elektronenrijk en wordt daardoor selectief 
geoxideerd. 
3) Hyperconjugatie met de antibindende orbitaal van de C-H binding 
resulteert in verzwakking van deze C-H binding wat de oxidatie faciliteert.  
4) Verschil in de efficiëntie van hyperconjugatie resulteert in de 
waargenomen snelheidsverschillen in de oxidatie van glycosiden. 
Hyperconjugatie van een C-H > C-OH > C-F in de graad van verzwakking 
van de naast gelegen C-H binding met betrekking tot oxidatie. 
5) Trans di-axialen diolen vertragen de snelheid van oxidatie gebaseerd op 
ongunstige chelatie met het palladiumcomplex. 
6) Sterische hinder rondom de alcohol vertraagt de oxidatie.  
 
Deze regels kunnen worden toegepast op complexere oligosachariden 
om zo de selectiviteit te kunnen bepalen. In Hoofdstuk 6 zijn enkele voorbeelden 
gegeven. Tevens gaat Hoofdstuk 6 ook verder in op mogelijke richtingen waarin 
dit onderzoek nog verder uitgebreid kan worden. Denk hierbij aan verder 
onderzoek richting reactiviteit van het katalytische systeem. Verder worden ook 
mogelijkheden gegeven voor oxidatiemethodes voor de selectieve oxidatie van 
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